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PREFACE. 



The contents of the following pages have already ap- 
peared in the columns of Engineering. The purpose of 
this ^' replica^ is to present the revised results, and 
tables, in a more accessible form than they could attain 
scattered in a desultory manner through successive 
numbers of a periodical. 

The subject, in its present form, was suggested by the 
discussion, at the Institution of Civil Engineers, follow- 
ing Mr. Barlow's paper on the Clifton Suspension Bridge ; 
when the absence of any simple generalisation of the 
question was evidenced. Prior to that time, however, 
the consideration of " Long-span Railway Bridges " de- 
volved upon the author in the course of his professional 
duties, and some valuable data had accumulated. On* 
proceeding with the investigation, it was at once seen 
that a strictly mathematical treatment of the subject 
would entail lengthy and involved formulae, and absorb 
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far greater space than was available for the purpose ; 
indeed^ the works of Gaudard and Schwedler, treating on 
the same subject, but within veiy narrow limits, plainly 
illustrated this fact. Accordingly, the various hypo- 
theses, which it is absolutely necessary to make in an in- 
quiry of this nature, are framed as comprehensively as 
possible ; and in many instances the result of a careful 
balancing of probabilities is given without exhibiting the 
process by which it has been evolved. In short, elimina- 
tion, and not elaboration, has beeii the aim throughout. 

B.B. 
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LONG-SPAN RAILWAY BRIDGES. 



AccoEDma to Dr. Johnson, a bridge is "a structure 
to cany a road across a watercourse f and although this 
interpretation of the word is not sufficiently comprehen- 
sive to include all cases in the present progressed stage 
of the art of building, yet, if we limit its application to 
long spans alone, we may even render it still more ex- 
plicit, and with very little liability to error define a long- 
span bridge to be a structure for carrying a railway 
across a watercourse. The reasons why this is the case 
are sufficiently obvious : in the first place, the condition 
necessitating the adoption of a long span is generally 
either that a certain width of opening must be provided 
clear of all obstructions, or that the expense of carrying 
up a number of lofty piers is, owing to some difficulty in 
obtaining secure foundations, so great as to render it 
more economical to reduce the number of individual 
supports, and so concentrate the resulting greater load 

B 
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on fewer points. Neither of these conditions is likely to 
occur, except when a watercourse is the obstacle to be 
surmounted, when, probably, a navigable channel of 
certain width has to be maintained, with sufficient head- 
way to admit of the free passage of vessels. If in any 
case it should be desirable for the span to be greater 
than the minimum amount dictated by the compliance 
with these conditions, it could only be when the depth 
and rapidity of the current, or the treacherous nature of 
the bottom, rendered it desirable to reduce the risk of 
construction to a minimum. As steep gradients are now 
worked with ease and economy, it is not at all probable 
that any other case — ^such as that- of carrying a line 
across a ravine — will ever occur in which it would be 
economical to introduce longer spans than 300 ft. ; and 
it is only spans above that amount we designate long 
spans in the present paper. Again, it is highly impro- 
bable that any long-span bridge should be other than 
a railway bridge, because the great e^)ense involved in 
the constractioaa must be justified by necessity ; in other 
words, by the probability of such large traffic as a railway 
alone could accommodate. Even when we have thus 
limited the question to railway bridges crossing a water- 
course, where a given span and height has to be main- 
tained, we have by no means obtained all the conditions 
enabling us to pronounce upon the proper type of con- 
struction to be adopted. Thus, if the banks of a river 
a^^ lofty, and afford a firm foundation for the super- 
structure with little or no piers, an arch or suspensicxQ- 
bxidge may possibly be the most economical constructiou, 
aUhoogh the resulting span may be greater than abso- 
lutely required ; and if the banks are nearly level with 
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ttfe stream, it may or it may not be advisable to make 
the adjacent spans of greater length and weight than 
wonld ordinarily be required, in order to enable them to 
contribute xnore effectively to the support of the larger 
centre span* In short, it is plain that the determination 
of the most economical construction for a bridge of given 
span is a problem admitting of no definite solution. We 
may, however,, facilitate the process much, and obtain 
valuable positive results, if we ccmfine om: attention at 
first to the comparative weights of iron required in the 
different methods of constructing the superstructure,, 
which, after all, is by far the most important element in 
determining the cost of a long-span bridge. 

The size of a bridge is very commonly the popular 
standard by which the eminence of its engineer is mea- 
sured ; we may, therefore, naturally expect to find engi- 
neers ambitious of excelling one another in this particular 
branch of their prof ession^ but, for the same reason, as 
so much consideration must necessarily at one time and 
anqther have been devoted to the elucidation of the sub- 
ject, a student of ^ogineering may justly be surprised 
to find so littie definite information existing as to the 
capabilities of all possible combinations of design to do 
the required work effectively and econ(»nically. Yet 
the number of patents t^ea out by professional and 
other quacks indicates dearly the want of appreciation 
of the fact that the problem is one admitting of a rigid 
theoretical solaticm, and that the limit beyond which the 
quantity of metal required in the actual construction 
exceeds the amount theoretically required wUl be a factor 
of the latter quantity, the value of which may be approxi- 
mated to very nearly, if we avail ourselves of the stock 

b2 
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of information afforded by existing though smaller 
structures. 

Although, as we urge, it is possible to approximate 
very nearly to a true result in every case, a considerable 
amount of intricate calculation and considerable space 
would be required to treat the subject exhaustively. Yet 
a great deal may be done with Uttle labour if we base our 
investigations on the simplest and broadest principles, 
avoiding all compUcations and neglecting altogether 
minute details. If we proceed thus, we may, by making, 
so to speak, a cartoon of the different systems, exhibit ia 
bold outUne the respective advantages and disadvantages 
appertaining to each. This wiU be our aim in the 
present paper. We shall investigate on the above broad 
principles the weights of different types of girders, in- 
cluding all probable combinations, from the minimum 
span of 300 ft. to the limiting span, beyond which it 
would be impossible to construct a bridge of the class 
capable of carrying more than its own weight without 
exceeding the given limiting strain per square inch. We 
shall car^ out similar invStigatio^ both for iron and 
steel, and so conduct them, that by arranging the results 
grai^cally in the form of a diagram we may obtain a 
comprehensive view of the properties of the different 
designs and the nature of the laws governing the increase 
of weight, and consequent relative cost of the different 
constructions in the two materials. 

The general principles on which we slall proceed are 
identical with those already advanced by Ithe author in a 
paper on " The Proper Depth of Girders * {Engineering^ 
vol. ii. p. 224). We shall, where we consider it advisable, 
sacrifice mathematical exactness of formulae to simplicity, 
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and generally allow a very free interpretation of theo- 
retical deductions ; the numerical results will be worked 
out with the slide rule, and, in short, the process through- 
out will be consistent with cTur professed object of exhi- 
biting a cartoon-like view of the subject under consider- 
ation. 

In the paper alluded to, we observed that the maximum 
strain on each flange of a girder of uniform depth is, by 
the simple principles of leverage, equal to the distributed 
load multiplied by the span, and divided by eight times 
the depth, the strain being greatest at the centre, and 
less elsewhere in proportion to the ordinates of a parabola ; 
and as this strain on the flange could only have been 
transmitted through the web, a little consideration will 
make it evident that for a distributed load, whatever the 
resultant strain may be, the total amount on the half web, 
resolved horizontally, must be equal to the maximum 
strain on the flange, or, in other words, the horizontal 
sectional area of a plate web should be equal to double 
the sectional area of the flange at the centre. For a 
lattice web the gross sectional area of all the bars should 
be greater than this in the same ratio as the length of a 
bar exceeds the horizontal distance included between its 
two ends, which for the most economical angle of 45° for 

the bars amounts to \/2 times the section required in a 

plate web, and the mass wUl consequently be v^2 x v/2 = 
double that of the plate web. Expressed algebraically, 
S being the span, and d the depth in feet, a the sectional 
area of each flange, x and y coefficients depending upon 
the practical construction of the flange and web respect- 
ively; the mass of the plate girder will be = 2a (S^+yd), 
and that of the lattice girder will be=2a (S^+2yd). 
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With the plate web, we found the variable ratio of 
(2 to S to be governed, chiefly, bj the minimum thickness 
of plate allowed in the construction of the web, which 
we considered should increase with additional loads per 
foot on the girder. With the lattice girder^ we consi- 
dered that, whilst the weight of the flange would in all 
cases be inversdy proportional to the depth, that of the 
web, beyond certain limits, would increase directly as the 
depth ; that is, although theoreticaUy constant, there 
would be some limit beyond which the additional strength 
required in the struts as columns would necessitate a 
greater quantity of metal than the shorter struts with the 
heavier direct compression. This limit we have in all 
instances considered to be reached when the weight of 
the web becomes equal to that of the flanges. That is, 
since the mass of the flanges, 2S^, increases inversely, 
and that of the web, Ayd^ increases directly as the depth, 
the minimum value of the whole mass, 2S«+4yrf, will 
occur where 2Sir=4yd. The effect of this in the dif- 
ferent constructions will be controlled and adjusted for 
each case by the variable values of the coefficients 
a and y. 

In order to arrive at the weight of iron required in 
the construction of a girder capable of carrying a given 
load with a given maximum strain per square inch, we 
shall find it convenient to invert somewhat the ordinary 
method. Thus, instead of starting with the load and 
determining the strain on that data, we shall deduce 
the former element from the latter* Taking 1 square 
inch area of flange as the section resisting the maximum 
horizontal strain on that member, the mass of the lattice 
girder will be 2 (S^ + iyd) ; and from that we can easily 
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determine the moment and the straiii on the flange due 
to the load of the girder itself, which wcmld obyiously 
be the same amount per unit of area^ whatever the gross 
section of the flange might be* W^ have given, the 
limiting strain per square inch due to the entire load= 
T, the strain p^ square indi due to the weight of the 
gird^ itself =^ and,^ omsequently, we have also T-*^ 
the strain available for the useful load carried. Again, 
it foilaws tbat-mament of wdght of girder : momeDt 
of useful load : : t : T — t; and thal^ if the weight of 
the girder be uniformly distributed in the same manner 
as the remaining load, we have — ^weight of girder : useful 
load : : ^ : T — /. Or, in other words, the weight of 
iron required in the constructiosi of a girder to carry a 

given load will be the multiple = — of that load. 

By adopting the above method, we have mudi facili- 
tated the solution of the problems before us, as we can 
now proceed with our investigations without complicating 
the question by the introduction of the varying loads, 
to whidi we are in each individual case liable. 

The types of construction to one or the other of which 
we consider all forms of bridges, not absolute eccentrici- 
ties, may be referred, and to which, consequently, we 
have confined our investigations, are the following : 

1. Box-plate girders, including tubular bridges. 

2. Lattice do. do. Warren truss, &c. 

3. Bowstring do. do. Saltash type. 

4. Straight links and boom. BoUman truss. 

5. Cantilever lattice parallel depth. 

6. Do. do. varying economic depth. 

7. Continuous do. do. do. 
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8. Arched ribs with braced spandrils. 

9. Suspension with lattice stiffening girders. 
10. Suspended girders. 

11* Straight link suspension. 

The comparative weights of the above constructions^ 
both in iron and steel, will be investigated ; but we shall 
first complete the necessary calculations for obtaining 
the weight of each of them in iron before we introduce 
the more novel material steel. 

Commencing with the most unfavourable type for 
long -span railway bridges which it will be neces- 
sary for us to investigate — the box girder with 
plate webs — ^we might, without any preliminary calcu- 
lation, and with a very little amount of consideration,, 
f oretel the uneconomical results which must necessarily 
follow the distribution of metal in such an unsuitable 
form. Thus, the economical depth will be much less, 
and consequently the sectional area of flange required 
for a given load will be much greater, than in any other 
type of girder. Again, the amount of metal required 
to prevent the buckling of the deep thin plates would 
be nearly sufficient to form the struts of a lattice 
girder; therefore, the effective duty of such a web will 
be little more than the resistance it offers to tensional 
strains. But these strains may be more economically 
disposed of by means of lattice bars than by a solid plate ; 
for, in the first case, the section may always be made 
proportional to the strain on the individual bar, whereas 
in the latter instance a certain minimum thickness of 
plate must be carried throughout, thus involving a waste 
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of metal fhronglioTit nearly the entire length of the 
girder. Now the mass of a plate girder for each square 
inch sectional area of flange at centre we have found to 
be equal to 2 (Sa+yd). Taking the weight of a bar of 
iron 1 ft. long and 1 in. square at .03 cwt., the above 
mass multiplied by .03 will give the weight of the girder, 
in cwts. for each square inch section of flange. But the 
weight multiplied by ^ span will give the moment a& : 

4 
Again, the strain, ty in cwts. per square inch resulting 

from the weight of the girder itself will be — ; hence, 

since Sx^iyd^when d is the most economical depth, 
we have: 



^ 



d 



Now, the influence of the weight of the web is the 
most important element in determining the proper depth 
for a girder, because whilst all the disturbing influences 
affecting the flanges also affect the web, there is, in ad- 
dition, another element introduced, namely, the limiting 
thickness below which the plates may not be reduced ; 
this is never taken at less than ^in., and in situations 
not easily accessible for the purpose of painting this 
thickness should be increased to f in. ; again, when the 
load per foot is large, a thicker plate is usually employed* 
Now, the effective horizontal section of a web of uniform 
thickness, taking, as in the casq of the flanges, a reduced 
strain to compensate for the loss of section through the 
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rivet-holes, will, siace the strain increases tuiiformlj 
iiQOk the centre to the ends, and the span, S, being in 
feet, be eqnalto 12Sxixi thickness=3Sxth]cknefls; 
conoequently, as the least thickness of plate is ^ in., the 
least effective horizontal section of any web will be f S ; 
and there can be bat a small redaction in the weight of 
a wdb of onif onn thickness, whatever the lightness of 
the load. 

As far as the web is concerned, there would obviously 
be a practical advantage in making the depth of a girder 
small in proportion to the span and load. Thus, in 
shallow girders heavily loaded the gross average thick- 
ness varies from twice the net for short to two smd a half 
times for long spans ; but as the small depth is a disad- 
vantage to the flanges, the determination of the depth at 
which the joint weights of the flanges and web would be 
a minimum is the problem to be solved. Now, W being 
the distributed load, the other notation remaining as 
before, the sectional area (a) at the centre of the flange, 

WS 
in square inches, will be «=Trjrr> '''^hich amount wiU 

oaX 

also represent the actual horizontal section required in 
the half web; but we have seen that in practice this 
latter area is never less than i S ; consequently, the value 
of a for the web must never be taken at less than that 
amount. 

As we know the mass, and consequently the weight, 
of a girder to be proportioned to a (S«4-yid), it is only 
necessary now to ascertain to what extent the limiting 
value of a for the web vnll affect the question. 

Now^ taking a web of uniform thiclmess, and adopting 
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the highest value of yi and the lowest of a?, it is obvious 
that, if the mass of the flanges earceed that of the web, 
the depth must necessarily be too small, since an in- 
creased depth would similarly affect the weight of the 
web directly, and the flange inversely ; thus, assuming 
the mass of the flange to be that of the web as 6 : 4, the 
sum being 10, then, if the depth were increased i, the 

4x5 
mass of the web would be — j- =5 ; and that of the flange 

—^ = 4.8, the sum being 9.8. Again, taking the 

highest value of x and the lowest of yi, we can arrive in 
the same manner at the maximum depth. If the web be 
not of uniform thickness, it is even more apparent that 
an excess in the mass of the flanges over that of the web . 
indicates deficient depth, since increased depth would 
involve a proportionally less increase in the weight of the 
web. We have, therefore, aa?S=aiyirf, and we know that 
Qi can never be less than i S, and never be more than 

WS 

^-^. Now, suppoang that the thickness of the web 

might be reduced indefinitely, then, in order for the mass 
of the flange to be equal to that of the web, the span 
must obviously be to the depth as yi : a; ; thus, theoreti- 
cally, the flange and web wiU be of sinulax weights when 
the depth equals f of the span. Although we cannot 
reduce the thickness of the web below a certain amount, 
the variations in the value of yi are too small to affect 
materially the economy of using as thin a web as pos- 
sible. Taking a web iin. thick, therefore, we have 
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ws 

aa:S=jSyid, and «=ojm; therefore, WS.r=6cPTyi, and 

We have previously observed that a thicker plate than 
:^in. is desirable if the load per foot exceeds a certain 
amount, the limits of which must of necessity be deter- 
mined somewhat arbitrarily; this will, however, only 
affect the value of the constant (6). 

Now, taking a useful load of 35 cwts. per foot to be 
carried by each girder, which will be a sufficient ap- 
proximation to the truth for our present purpose, we 

have: 

w 35TS 

^^ 

Again, taking ^ in. bare as the minimum thickness of 
plate allowable in the construction of a box girder 300 ft. 
span, and ^ in. full as that necessary for a similar girder 
600 ft. span, we obtain for the 300 ft. span the value of 
the constant (c) = 10; and for the 600 ft. span, c=26. 

W 

Generally, we may put c=3.5+r7r-^. From existing 

10 D 

structures we deduce the values of a and y to be re- 
spectively ^=.93, and y=5.4 for short spans, in- 
creasing in a certain ratio with the span, on account 
of the extra amount of bracing required; say, y^= 
5.4+.002S. 

We have, therefore, the strain in cwts. per square on 
the flange of a box girder due to its own weight : 

. .015S«a: 
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when a?=.93, and 5^^=5-4+. 002 S. 






W 



cy" ' T-t ' 10 S 

Substituting and reducing, we obtain, when T=80cwts. 
per square inch : 

«=\/l62w+^*- ?. 

when n=?!fO_SM:S» 
23,700,000 

Applying this formula to the given spans, we obtain 
the results shown in the following Table : 





Strain in cwts. 




Span in feet. 


per sq. in. 


Economic depth. 


300 


37 


^span 


400 


48 




500 


58 




600 


68 




700 


77 




^00 


85 


•i- span 



As we have now before us the strains per square inch 
on the girders resulting from their own weights, we can, 
by the methods already shown, at once obtain the weight 
of iron required to cany a given load as it wiU be ex- 

pressed in terms of that load by m^;^ the values of 
which for the different spans are shown below : 

Multiple. 

= .86 

= 1.5 

= 2.6 

= 5.6 

= 25.6 

00 



Span in feet. 






300 


X 


tt 


400 


X 


« 


500 


X 


« 


600 


X 


ff 


700 


X 


y 


800 
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We shall defer for the present any consideratioa of 

the probable load to which the above spans are liable in 
railway bridges^ and^ necessarily also, of the actual weight 
of iron required in each instance* It will be found more 
convenient to treat our type girders collectively, with 
reference to the load ; we shall, therefore, first advance 
them all as far as the preceding stage. 

In the course of our present investigations, we shall 
constantly find instances where theoretical advantage in 
form is ovemiled, and more than neutralised, by some 
practical disadvantage incidental to the construction of 
the girder. The type we have already considered is a 
case in point. Theoretically the plate web girder re- 
quires less nietal than any other form, and next to it in 
economy ranks the lattice girder with bars at the angle 
of 45°. Now, in practice we find these conditions to be 
precisely reversed, the plate web ranking lowest, whilst, 
as we shall hereafter show, the lattice girder h superior 
to that type alone in the scale of economy. 

The practical advantage of the lattice girder over the 
plate is due to the greater depth which may economically 
be employed in the former system, and not to the smaller 
quantity of metal required in girders of equal depth in 
both instances. The want of a correct appreciation of 
this fact, or the way in which it is commonly ignored, 
is evidenced but too forcibly in the massive stunted 
lattice girders so prevalent on English railways ; and it 
is no just cause for svirprise that girders of such propor- 
tions should not compete successfully on the score of 
economy with the spider-like trussing of American lattice 
bridges. 

Although the stiffness of a lattice girder is less than 
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that of a box girder of similar depth, the stiffness of the 
type lattice ^der will be greater than that of the type 
box girder, on account of the greater depth obtained in 
the former construction. 

Adopting a similar mode of procedure to that already 
exhibited in the instance of the box girder, we have for 

Type 2. — Lattice Girder. 

Mass of girder for each square inch section of flange 
at centre proportional to 2 (Sx-\-2yd)i which, multi- 
plied by i span and by J53 cwt., will ^ve the moment : 

But -^ = strain per square inch, and since S^=23/rf, 
d 

the economic depth will be c?=-^-. By substitution we 

ly 

have, therefore, the strain in cwts. per square inch, due 
to the weight of the girder itself: 

Availing ourselves, as before, of the data afforded by 
existing girders, we have ar=.93, and y=2.74-.001S; 
hence 

^=.081 S + .00003 S^. 

It appears also that the economic depth diminishes 
from JL, the span at 300 ft., to -^ , the span at 800, 

thus showing the operation of a difie^nt law to that ex- 
hibited in the instance of the box girder. 

The foUowmg Tabk shows the strain in cwts. per 
square inch, resulting from the weight of the girder 
itself in each instance : 
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Strain in cwts. Economic 

Span. per sq. in. depth. 

300 27 

400 37.2 

500 48 c?= ®^ 



1 

d'6 



600 59.4 

700 71.4 



2y 



800 84 -1- span. 

Since the weights of the girder itself and of its load 
are similarly distributed, the amount of the former 

weight will be the multiple =^— of the latter. The 

results for the several spans are given below : 

Span. Multiple. 

300 -H = .51 

400 ^-^ = .87 

500 ii = 1.5 

600 ^1^ = 2.83 

90 6 

700 ^-^ = 8.3 



800 



8-6 



GO 



Type 3. — Bowstring Girders. 

The bowstring girder consists of an arched rib carrying 
the load, and a tie, instead of the usual abutments, re- 
sisting the thrust of the arch, and preventing the ten- 
dency to spread at the feet. If the line passing through 
the centre of gravity of all the cross sections of tiie 
arched rib corresponds in position with the curve of 
equilibrium due to the distribution of the load, the only 
connexion necessary between the arch and the tie will' 
be such vertical ties as may be required to transmit the 
weight of the tie and its insistent load to the arched rib. 
But, as the condition of stability of the arched rib re- 
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quires that the curve of equilibrium of the load, as 
transmitted to it, should correspond in form with the 
arch itself, it follows that, if the distribution of the load 
be different to that required, the mere insertion of vertical 
ties capable of transmitting the load in direct lines only 
will not be sufficient. It will obviously be necessary to 
supply diagonal members capable of transmitting the load 
to the points in the arch where it is required to effect 
compUance with the conditions of equiUbrium. 

It appears, therefore, that, as the ordinary segmental 
arched rib of a bowstring bridge corresponds in form very 
nearly with the parabolic curve of equilibrium due to a 
distributed load, no diagonal ties are required; but it 
does not necessarily follow that if such ties be inserted 
the strain on them would be nil; in point of fact, the 
deflection of the girder would communicate a certain 
amount of strain to those members. If, however, the 
load be rolling, it will be absolutely necessary to supply 
such an amount of bracing as may be required to effect 
the equal distribution of the load on the arched rib, 
whatever may be its actual position on the platform of 
the bridge. 

In either case, however, the quantity of metal required 
will be small compared with the amount absorbed in the 
corresponding " web " portion of a parallel girder. We 
may, therefore, make a bowstring girder of greater depth 
than we could economically use in the box or lattice con- 
struction. That is the reason why we can in every in- 
stance construct a bowstring girder of no greater weight 
than a plate or lattice girder of corresponding strength ; 
and why, in cases where the dead load is great, or, in 
other words, when the span is long, we may even con- 

c 
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struiCt it wil^ a mmA smaller amount of metal^ notwith«- 
standing the heavy theorstical disadvantage the bow- 
strii^ girder labours nnder in the diminished depth 
towards the ends^ and l^e consequent increase^ insleadl 
of dimimxtion, of sectional area of the arched rib at 
those points. 

The stiffness of a bowstring girder will be less than 
that of a lattice girder of similar depth and strength. 
If there were no diagonal members in the oonstmotiony 
the deflection of the arched rib akme^ supposing the 
abutments fixed, would be nearly equal to that of the 
lattice girder; whilst, as the abutments are moiwble to 
the extent of the extension of the tie, that amount o£ 
deflection would be about doubled. The introduction 
of bracing would diminish this deflection in proportion 
to the strength and adjustment of its several part& 
With the type bowstring girder this condition and die 
increased depth will diminish the deflection to about the 
same amount as that obtainedin the inatfli^cft of the type 
lattice girder. 

From what we have already observed, it may easOy 
be deduced that the weight of iron required in a bow- 
string bridge to sustain a given load toU be governed 
chiefly by the amount, but partly also by the nature,, of 
the load. In a railway bridge the load is of a mixed 
character, consisting of dead and rolling elements in 
varying proportians. We shaU therefore fiist deal .nth 
the two extreme conditions — all dead and all rolling 
loads — and ascertain the comparative quantity of metal 
required in each. To obtain that necessary to cany a 
mixed load, we shall merely combine these amounts in 
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the same proportions as the dead and rolling elements 
obtain in the total load. This, of coarse, is not a 
correct method theoretically, as we areiadding together^ 
and^fitrains on some of the members. We have, how- 
ever, in this instance, as in several others, in accordance 
with our professed intention of avoiding all complioa- 
tions, preferred keeping the question in its simplest form ; 
and as the required corrections are effected by means 
of the coefficient y, the final result obtained will be 
correct, although the process by which it was arrived at 
is not quite so. 

Dead Load (rmforndy distributed). 

The mass of the tie will be as a S simply, and the 
mass of the arched rib will be that of the tie, together^ 
with a certain additional amount due to the shearing^^ 
strain tcsnsmitted through the arch. The i^esoing force- 
in action consists of the entire weight of the load, less 
a certain prorportion of it which may be resting imme- 
diately on the piers without being firet transmitted 
through the arched rib. Now, instead of ascertaining 
the increased sectional area restored towards the end! 
of the arched rib in consequence of the combined action 
of t^ uniform horizontal force and of the uniformly 
increa^g shearing force, and multiplying the mean 
sectional area thus determined by Ae length of the 
curved rib for its mass, we may approximate to the same 
result very nearly, and by a very simple process, if we 
keep the twx> forces in action distinct throoghont, and 
deal with their masses separately. Thus we shall ima- 
gine the arched rib to be replaced by a horizontal 

c2 
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member to resist the horizontal force, and by a vertical 
member equal in height to the depth of the girder to 
resist the shearing force. 

The mass of the horizontal member will, of course, be 
the same as that of the tie=a S, and the mass of the ver- 
tical member will, if we take | of the gross load as the 
amount transmitted through the arch, be to that amount as 

-^- : S. The total mass of the arched rib and tie will 

therefore be as 

Again, the mass of the vertical members transmitting 

the weight of the tie and its insistent load to the arched 

2d? 
rib may, for our purpose, be taken as equal to -^ ; 

consequently, if x and y be coefficients for the horizontal 
and vertical members respectively representing the ratio 
of the metal used in practice to that theoretically re- 
quired, the total mass of the bowstring girder for a 
uniform load will be 

Again, the mass multiplied by ^span and by .03 cwt., 
will give the moment in cwts. for each square inch sec- 
tional area of tie ; hence for 1 square inch, 

But ^ = strain in cwts, per square inch ; and since 
d 

economic d* = -g— j we^ have (?= — S \|- ; and the 
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strain in cwts. per square inch due to the weight of the 
girder itself equal to 

Boiling Load. 

As the maximum strains on both the arched rib and the 
tie occur when the rolling load entirely covers the bridge, 
it is obvious that the mass of those members will be the 
same as for a distributed load 

The web portion, however, as we have already shown, will 
have a different duty to perform ; and it is necessary now 
to ascertain to what extent this will affect the mass of the 
girder. 

Now, it may be shown that the maximum horizontal 
strain to which the diagonals of a bowstring bridge are 
liable is the same for each bar; and that, assuming 10 
bays of diagonals, the strain in each instance will be 
about ^th of the maximum horizontal strain on the 
arched rib or tie, due to the, rolling load uniformly dis- 
tributed. The mass, therefore, of the horizontal com- 

g 

ponents of one complete set of 10 diagonals will be aj^. 

Again, the mean square of the verticals being ^ 

nearly, and having assmned 10 bays, the mass of the 
vertical components of the same set of diagonals will 

be a-^- nearly ; consequently, the total mass of one set 

jE)f diagonals will be : 
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a* ( — J — I nearly. 

As we have assumed two sets of diagonals, one cross- 
ing the other, and one set of stmts, the total mass of the 
web portion of the girder will be 

V S 5/ 
Taking the coeiScients x and y of the same yalue as 
before, we have the mass of the bowstring girder for an 
entirely rolling load equal to 

^ V 5 "^ B )' 
Now, the moment in cwts. equals the mass multiplied 
by J span and by .03 cwts. ; hence we have for 1 square 
inch area of tie : 






40 
But ^ = strain in cwts. per square inch, and i? = 177^" ; 

10 1^ 
hence rf=:r:S\-; and, by substitution, the strain due 
31 y ' -^ 

to the weight of the girder equals 

Mixed Load. 

It appears, therefore, that the strain per square inch,' 
due to its own weight, on a bowstring girder constructed 
to carry a dead load only, will be to that occurring on an 
equally strong girder constructed for a rolling load of 
similar amount as H : ij. Now, excluduig the weight 
of the girders, the load to be carried by a railway bridge 
may be considered as consisting of |ths rolling and ith 
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dead load ; consequently, the equivalent fraction for the 
mixed load will be Hy^ix^i^^ix^; or, taking the 
fraction ^-^ for the dead loadjfas the unit of meaaoresienty 
that for the rolling load will he 1.44 times the anaoimt. 

Putting .03t^ S.r \|2. =0, ^e have when ^=1.25, and 

y^3^-f.002S: 

a=r.04iS\/2.56+ .00168 ; 
and the strain in cwts. per sqnare inch due to the weight 
of a bowstring girder for a railway bridge will be 

_ L44qT 

Taking the limiting strain, T=80 cwts. per sqnare 
inch, and arranging the results as before in a tabular 
form, we have: 

Strain in cwts. per 
Span in feet. square inch. Depth. 

300 = 27 ispan 

400 = 35.5 

500 = 43.5 

600 = 52 

700 = 60 

800 = 67 

900 = 75 

1000 = 80 ispan 

The multiple f^^— will have the following values : 

Span in feet. Multiple. 

300 fz = .51 

400 ^ = .79 

500 fl^ 5= 1.19 

600 H = 1.86 

700 li = 3. 

•800 H = 5.15 

900 V = 15. 



1000 



00 
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Type 4. — Straightrlifik Girders. 

We are not aware tliat any example of the above 
mode of constmction exists in this coantry. The nearest 
allied to it, perhaps, is Brunei's Chepstow bridge, and 
even that structure may be more properly referred to 
our second type, as in reality it is little more in principle 
than a three-bay lattice bridge, the most noticeable 
feature, and the one redeeming the design from the 
charge of extravagance, being its great depth, amount- 
ing to about one-fourth the span. 

In America, on the other hand, the straight-link 
girder, under the name of the Bollman truss, appears to 
meet with general approval ; and, as there are several large 
bridges of the class erected in that country, we may con- 
sider the principle to have been fairly tested as to its 
practical capabilities. 

Theoretically, our present type is the heaviest form 
of girder we have yet considered, and in the discussion 
at the Institution of Civn Engineers following Mr. 
Zerah Colbum's paper on American iron bridges, it was 
on that evidence condemned as uneconomical. We 
have, however, advanced sufficiently with our inves- 
tigations to be satisfied how fallacious conclusions must 
be which rest on so uncertain a basis as mere theoretical 
considerations. All our types as yet have occupied pre- 
cisely reverse positions in the scale of economy to that 
indicated for them respectively by theory ; we may not, 
therefore, be surprised if we find this — ^the lowest in the 
scale — ^positively heading its competitors. 

In principle the straight-link girder is more nearly 
allied to the bowstring than to any other system. In 
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both instances we have one straight member of uniform 
section throughout — ^the tie and the boom— opposed by 
a member of greater length and of increased section 
towards the piers — ^the arched rib and the collection of 
ties. We found the weight of the bowstring girder to 
vary considerably with the character of its load, and it 
will be seen hereafter that the same element influences 
the weight of the straight-link girder, the conditions, 
however, being reversed. From the nature of the 
trussing in the present case, a rolling load will be more 
economicallv dealt with than will the load due to the 
weight of the girder itself, whilst it will be remembered 
the former load operated disadvantageously on the bow- 
string girder. It follows from this that if the short-span 
bowstring gii-der has any advantage over our present 
type, it will maintain a still greater advantage in the 
long spans, whilst on the other hand, if the straight-link 
girder excels the former system for the short spans, it by 
no means follows that it will be able to compete with it 
for the long spans. Indeed, theoretical deductions show 
it to be otherwise; and as in this instance they are not 
overruled by practical considerations, the fact of the 
joint moment of all the bars being 1^ times that of the 
arched rib of equal strength must detract from the 
ec4)nomy of the straight-link girder, as compared with 
the former system for uniform loads. 

With reference to the comparative stiffness of this 
description of bracing, it was remarked in the discussion 
at the Institution of Civil Engineers previously alluded 
to, that diagonals of great inclination were free to deflect 
on a curve struck from one of the ends as a centre, and 
the other end as a radius ; and that, as the curve so de- 
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acnbed wonld coincide in practice for a considerable 
distance with a straight lioe^ there wonld be litfcle or no 
resistance to deflection. Now this conchision is palpably 
f alse^ as the deflection woold be inversely as the angte 
indnded between the given pair of ties^ and not depend 
upon the inclination of either of them to the horisHOi. 
Thus, if the two bars be at right angles to each other, it 
is immaterial as regards deflection whether both of the 
bars be at the angle of 45° to the horizon, or whether one 
be vertical and the other at the fiaUest possible angle, 
in fact, horizontal, since with equal depths and unit 
strains the deflections would be similar. 

As the most obtuse angle included between any two 
bars occurs at the centre of the span, the deflection will 
be greatest at that point, and will be less towards the 
ends, as in other structures; the amount, however, in 
this instance will be about double that occurring on a 
lattice girder of similar depth and strain per square 
inch. In this respect it resembles the bowstring girder, 
but the practical disturbing elements reducing this double 
amount in the case of the bowstring girder will not be 
obtained in the present instance. 

There is a peculiarity, however, connected with the 
deflection of this girder, which should not be passed 
over without notice, as it may be of grave practical im- 
portance. As each pair of ties acts independently, 
affecting the others indirectly only through the medium 
of the boom, it follows that if any pair of ties have 
their f uU proportion of load, they will also incur a lai^e 
moiety of their full deflection, which deflection wiU not 
be shared in any perceptible degree by the remaining 
unloaded portions of the bridge. The practical effect 
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of this ccHidition is, that as the zoUing load advances 
akmg the bridge, it will^ so to speak, break tbe back of 
the boom at the Tertieal, springing irom the neaxest 
adjacent unloaded pair of tie». 

With the 300 ft. span bridge, far exami^ the load 
being half over, the deflection at the cenize would be 
abottt 3 in., whilst, if tiie Imdge eonaisted of ten bajs, 
at a point 30 ft. off, the deflection would only be 1 in. 
In the length of 30 ft., therefore, we have to dispose of 
a difference in level of 2 in., about ; and this will neces- 
sitate either an elastic boom subject to transverse strain, 
or else one jointed at each vertical. If we attempt to 
get over the difficulty by the insertion of bracing to 
equalise the deflection, as is sonaetimes done in the 
American bridges, there will be little hope of attaining 
an economical structure. 

Having pointed out the foregoing practical difficulty 
in the construction of the straight4ink gbder, we shall 
assume it to be surmounted, without producing any ab- 
normal strain on the boom, and without any extra pro- 
vision of bracing, and shall now proceed to ascertain the 
quantity of metal required on that hypothesis. 

Dead Load* 

The mass of the boom will be proportional to a S, and 
the mass of the ties will be that of the boom, together 
with the additional amount due to the transmission of 
the shearing: strains throu£^h those members. We shall 
deal ,Se masses req^to resist tke horizcmtal and 
vertical strains separately, as we did in the mktaace of 
the bowstring girder. 

Now, taking the cluster of ties collected at each pier, 
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it may be shown that the horizontal strain on each will 
be proportional to the ordinates of a parabola, of which 
the height represents the horizontal strain on the centre 
pair of ties. The mean height of all the ordinates of a 
parabola being equal to § of the height, it follows that 
the mean horizontal strain on each bar will be f of the 
amount on the centre bars. But the moment of the 

S 
load on the centre pair of ties is equal to W— ; conse- 
quently the mean moment of all the ties will be § of that 

S 
amount = W ■--. It appears, therefore, with similar 

6 
depths, loads, and unit strains, the sectional area of 
the flange portions of a straight-link girder will be § of 
that necessary in either of the types we have yet con- 
sidered. 

The mass of the horizontal components of the ties 
being a S, the mass of the vertical components will, if 
we take \ of the total load as transmitted through them, 

be to that amount as .^ : S. The total mass of 

4b 

2 S + — r-r 
48 •' 

But we must also provide vertical members to sup- 
port the boom and ties at certain intervals, the mass of 

which members maybe taken as equal to — ^- ; there- 
fore, taking x and y coefficients for the horizontal and 
vertical members respectively, the total mass of metal 
required in the construction of a straight-link girder for 
a dead load will be 

V 4S -^ 
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Taking «=1 square inch, the mass multiplied by .03 
cwts. and by ^ span will equal the moment in cwts. 

M=.03(-^+i^). 

But It = strain in cwts. per square inch ; and since 
d 

economic d«=?-|-?, we have rf=_A_ Jf ; and the 

45y' 2.37 ^y 

strain in cwts. per square inch, resulting from the weight 

of the girder itself, equal to 

i=.03 A.58 Sa? I^Y 



Rolling Load. 

As the maximum strain on the ties and boom is at- 
tained when the bridge is entirely loaded, the mass of 
those members will be the same as before, 

and, as we have assumed the platform of the bridge to 
be at the level of the bottom of the girder, no additional 
metal will be required to complete the girder for the 
rolling load. Therefore, x and y being the coefficients 
as before, the total mass will be : 

And, for 1 square inch area of boom, the moment in 
cwt8.=mass x .03 cwts. x ^ span will be : 

,=.03 (^'.If'). 
But ^= strain in cwts. per square inch; and since 
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econonuc ^^=-57— >»=t"^N — ; aad the strain in 

21y l.bz y 

cwts. per square inch due to the weight of the girder 
itself will be : 



= .03(l.08 8a;\||'). 



Mixed Load. 



Putting .03 (1.58 SaAJ ^-)=a, 



we have when ^= 



1.25, and y= 3.2 + . 002 s : 

a = .059 S/ 2.56 -f. 0016 S; 

and the strain in cwts. per square inch due to the 
weight of a straight-link girder for a railway bridge 
will be : 

.7aT 



^r=. 



T— 3a 



Taking the limiting strain, T=80 cwte. per square inch, 
and substituting the spans, we obtain the following 
results: 



' Span in feet. 


Strain in cwts. 
flcpiare inch. 


per 


Dept 


300 


23.1 




i 


400 


33.5 


■" 




500 


45.0 






600 


57.7 






700 


72.7 






800 


92.5 




i 


hp. TYinlfinlp. 


— xnW ViflVA tVi* 


> fnllnxc 


incr \ 







Multiple. 


23'1 

86*0 
33-6 

40-5 
4 5 
3 6 





.4 
.72 
1.28 


67-7 

22-3 
72-7 


= 


2.61 
9.97 



7-8 

^^ 00 
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Span in feet. 

aoo 

400 

500 
600 

700 

800 

We have now arrived at the conclusion of what may 
be considered the first stage of our investigations. Our 
type girders, Nos. 1, 2, 3, and 4, are all independent 
structures, carrying their loads without any extraneous 
,«^ ^^r^^ l»tog a ™pp^„g pier at 
each end capable of bearing one-half the maximum load 
on the bridge. As, in our opinion, all justifiable modes 
of constractbg independent girders may be referred to 
one or the other of the preceding types, and will be 
induded within those limits, we shall now proceed to the 
second stage of our inquiry, which refers to structures 
whose stability depends upon some support beyond that 
afforded by the simple pier. We shall first consider 
those structures which — although dependent upon ex- 
ternal assistance — ^produce only a vertical pressure on 
the piers ; and, secondly, the systems whose stability is 
governed by the power of the piers, or abutments, to 
resist horizontal, as well as vertical, forces. 

The first division will comprise Types 5, 6, and 7, that 
is, two kinds of cantilevers and the continuous girder ; 
and the second division will inchide the remaining type 
structures. 

Type 5. — Cantilever Girders of uniform depth. 

In appearance the type we have now to consider is 
identical with the independent lattice girder, and this 
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identity is not merely apparent, but does, in fact, obtain 
to a great extent in the web ; but a little consideration 
will show that the flanges are placed under entirely dif- 
ferent conditions. 

In the independent girder of uniform depth, and with 
a distributed load, the strain on the flanges will be 
greatest at the centre of the span, and less elsewhere, 
in proportion to the ordinates of a parabola ; whilst in a 
similar cantilever girder, although the maximum strain 
will be the same in amount as before, it will take place 
at the piers, and will diminish towards the centre in pro- 
portion to the co-ordinates of the same parabola ; at the 
middle of the span the strain, therefore, will vanish. It 
follows that, in the independent girder, the theoretical 
mass of flange required will be, to the mass obtained by 
multiplying the sectional area into the length, as the area 
of a parabola : the area of the enclosing rectangle, that is, 
as § : 1 ; whilst in the cantilever the proportion will be 
as the area of the complement of a parabola to the same 
rectangle, that is, as -|^ : 1. The mass of metal required 
theoretically to form the flanges of a cantilever will 
therefore be only one-half of that necessary in a similar 
independent girder, the load in both instances being uni- 
formly distributed. 

This proportion, howeve^r, does not represent the whole 
of the advantage accruing to the former system, as the 
mcyment of the flanges will be diminished in a much 
higher ratio than the weight. 

The centre of gravity of the semi-parabola, represent- 
ing the mass of metal required in the flanges each side 
of the centre of an independent girdle, being -f^ of the 
span from the pier, the moment of the flange will be 
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proportional to f X-^=-^; whilst the centre of gravity 
of the complement of the semi-parabola being ^ of the 
span from the pier, the moment of the flanges of a canti- 
lever girder will be proportional to i x J='/i. The ratio 
of 5 to 1 indicated bj the preceding theoretical consi- 
derations is so high that we may be sure, after allowing 
an ample margin for all possible contingencies, a balance 
vnll still remain in favour of our present type, which 
must tell with considerable effect in the economy of 
long-span bridges, where a large proportion of the load 
consists of the weight of the girdle itself. 

Of course, whether the extra metal required in the 
adjacent spans, according to this sptem, may equal or 
exceed the saving effected in the main span is another 
question, which does not concern us at present. 

The maximum deflection of the cantilever girder will 
obviously be partly governed by the adjacent spans. If 
the side spans be one-half the main span, the deflection 
at the centre of the latter will be from 1 J times to double 
that of the independent girder, of equal depth and unit 
strains. The unequal deflection of the two halves of the 
main span, due to the passage of a rolling load, presents 
no practical difficulty, as a very simple connexion may 
be contrived, admitting free vertical deflection and lon- 
gitudinal expansion, but at the same time resisting any 
tendency to lateral movement. 

Now the mass of the girder for each square inch area 
of the maximum cross section of flange will be the same 
as for Type 2, that is : 

Since the mass multiplied by .03 cwts. and by-^= 
moment in cwts., we have : 

D 
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fL=.03 g • 

But -^=straiii in cwts. per square inch (^) ; and since 
economic depth = -g-, we have : 



The value of b will vary according to the distribution 
cf the load; for an uniform load 5=8, and we must 
now ascertain its values for the various distributions of 
load obtained in railway bridges of various spans. 

Now, if the load to be carried be uniformly distri- 
buted, the value of b for the portion of the load con- 
sisting of the weight of the girder itself will be as 
follows; 

Web = 12 > mean theoretical vahte h= 14. 
FlaDges=16) „ practical „ J=ll. 

Again, if the load consists of the weight of the girder 
alcHie, we have : 

Web s= 16 1 mean theoretical vd.me i^=18. 
FlaDges=20) „ practical „ 6=15. 

It follows, therefore— T bmg the limiting strain in cwts. 
per square inch — the value of b, cosrrespcwiding to the 
required strain, ty will be : 

,_15«+ll(T-<) 
T 

Substituting this value in the former equation, and 
taking T = 80 cwts., y=2.5 + .001S, and «=.6y we 
obtain: 

^= v/l2 S+..005 S*+ 12100- 110 ; 
which equation gives the following results : 
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Depth. 





Strain in cwt. 


Span in feet. 


per sq. in'. 


300 


17:2 


400 


23.2 


500 


29.2 


600 


33.1 


700 


41.7 


800 


48.0 


900 


54.4 


1000 


60.5 


1100 


67.0 


1200 


73.8 


1300 


80.0 



1 

12 



We have already observed that for a distributed load, 
such as the weight on the platform of a railway bridge, 
JsrsS; and we have also found its value for the girder 
weight required to carry this load at the various spans. 
We can, therefore, at once obtain the weight of iron 
required in the construction of the main girders, as it 
will be the multiple of the load expressed by the equa- 
tion : 

tb 





^ 8CT- 


-0 


• 


Span in feet 






Multiple. 


300 






.39 


400 






.61 


500 






.88 


600 






1.23 


700 






1.64 


800 






2.5 


900 






3.6 


1000 






5,43 


1100 






9.25 


1200 






21.6 


1300 






00 



d2 



36 . LONG-SPAN EAILWAY BKIDGES. 

Type 6. — Cantilever Lattice Girder, varying economic 

depth. 

The most superficial examination of the method and 
results of our investigations concerning the cantilever 
lattice girder of uniform depth could hardly fail to 
suggest a desirable modification in its outline. Thus, 
if we lay off 300 ft. span and plot the economic depth 
at each end, and then, adding 50 ft. to each end, plot 
the economic depth for 400 ft. span, we shall, if we 
cany on the process up to the limiting span, and con- 
nect the various plotted heights by lines, obtain a curve 
the ordmates of which will represent the economic depth 
for the different sections of the girder, and, conse- 
quently, if there be no new condition introduced, of the 
entire girder. 

But the alteration of the top flange from a straight 
line parallel to the bottom flange, to a curved line in- 
clined to the latter, does introduce a new element into 
the case, as a portion of the shearing strain will now 
pass through the top flange, and to that extent, of course, 
the web will be relieved of its strain. 

Now an examination of our last investigation will 
show that the depth of the girder, and, necessarily, to 
a great extent the weight also, is governed by the mass 
of the web portion. It follows, therefore, that the more 
we can reduce the strain on and, consequently, the mass 
of, those portions, the greater will be the economic depth, 
and, within certain limits, the smaller the total mass of 
metal required in the construction of the girder. It is 
not difficult, then, to see that we should employ every 
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available economical means of reducing the strain on 
the web portions. We can, fortunately, effect this by 
the very simple process of giving the upper flange a 
downward curvature. The tendency of the tension 
member to pull straight will react on the long struts, 
and by the production of an initial tension reduce the 
mass of metaJ required for those members of tlie web ; 
whilst, if we make the curved outline include the various 
economic depths, we shall arrive at a stiffer form of 
girder than before. 

It would be foreign to our present purpose, and incon- 
sistent with our avowed intention of viewing our subject 
in the broadest possible light, were we to endeavour to 
deduce the precise amount of curvature which would 
give the most favourable general results. It will be a 
sufficiently near approximation to the correct average 
proportions, if we assume the depth at the centre of the 
girder to be one-fourth that at the ends, and the curvature 
of the top flange to be the segment of a circle passing 
through those three points. 

The form of bridge to which we have been thus, as it 
were, irresistibly driven is, we believe, almost identical 
in general and outline proportions with the structure 
designed by Mr. Fowler to span the 600 ft. centre 
opening, and the two 300 ft. side openings, of his viaduct 
for carrying the propoged "South Wales and Great 
Western direct" railway across the Severn estuary. 

It will be unnecessary to give a detailed investigation 
of this modified form of the cantilever lattice girder. 
The horizontal components of the diagonals will be, pro- 
portionally, the same as before ; the vertical components^ 
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however, wiU be less, as a proportion of the shearing 
strain is transmitted through the carved top flange. The 
struts, again, will be lighter, on account of their dimi- 
nished length, and, for the same reason, the flanges will 
be heavier. The centre of gravity of the mass of the 
entire gurder being about the same as in the previous 
instance, we have mea^ely to substitute new values of x 
and y in the equation already deduced for the parallel 
cantilever girder. Taking a? =5= .7, and j/= 2 4- .OOIS, the 
strain in cwts. per square inch due to the weight of the 
girder itself will be : 



e=Y/9.6S + .004S2+12100-110, 


which equation gives 


the following results i 




Strain in cwts. 


Span in feet. 


per sq, in. Depth. 


300 


14 \ 


400 


19 


500 


24 


600 


29 


700 


34.5 


800 


40 


900 


45.5 


1000 


51 


1100 


56.5 


1200 


62 


1300 


68 


1400 


74 


1500 


80 i 


The multiple, as 


in last case, will be given by the 


equation : 




Mn 


Itinlfi- ^^ . 



8(T— <) 
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£^an in fSset; 


ATnltiple. 


300 


.3 


400 


.46 


500 


.65 


600 


.8S 


700 


1.2 


800 


1.61 


900 


2.17 


1000 


2.96 


1100 


4.15 


1200 


6.1 


1300 


11.2 


1400 


22.6 


1500 


00 



Type 7. — Continuous Girder^ varying economic depth 

(including Sedlet/ 8 patent}. 

Our last investigation shows us that with an unlimited 
supply of metal we may construct a cantilever bridge 
up to 1500 ft. span ; it follows, as. a corollary, that it is 
also possible to construct a cantilever, or bracket, 750 ft. 
projection, capable of carrying any required load at its 
extremity. For, suppose we support this load by a simple 
triangular frame, consisting of an inclined tie and a 
horizontal strut, then the weight of this frame will not 
produce a strain on either of those members, since the 
whole affair will be borne by the original cantilever as 
a portion of its uniform load ; and, consequently, it will 
be possible to construct this triangular bracket, or what 
amounts to the same thing, the original cantilever, of 
sufficient strength to carry any required load at its ex- 
tremity. This being so, it necessarily follows that it 
will be practicable to support the two ends of either of 
our independent girders on the extremities of a pair of 
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these cantilevers^ as securely as if they rested on their 
original piers. 

It is evident at once that if we do thus insert an in- 
dependent girder between the two halves of a cantilever 
bridge, the limiting span of the entire structure will be 
equal to the sum of the limiting spans of the two systems 
of which the bridge is composed ; that is, if we take our 
last type and the bowstring bridge, the limiting span 
will be 1500+1000=2500 ft. Now, what conclusion 
must we draw from this fact ? It appears we may on 
this system, with a definite amount of metal, bndge an 
opening which could not be spanned by either of the 
other systems we have yet investigated with an infinite 
quantity; and the irresistible conclusion is that at the 
high spans a much smaller amount of iron will be re- 
quired in the construction of a "continuous" bridge of 
this class than would be necessary in one constructed 
on either of the other systems. This theoretical deduc- 
tion is fully corroborated by the indisputable economy 
obtained in the bridges on this principle erected under 
Sedle/s patent. The only thing we have to determine, 
then, is the span at which this superiority will begin to 
manifest itself, and that, of course, will vary with the 
degree of economy obtained in practice in the other 
systems with which it is to be compared. In our present 
investigation — as we have in all instances supplied a very 
liberal amount of metal for the construction of the 
several types — ^it will be when the sum of the multiples 
for the cantilever bracket and bowstring, reduced to the 
equivalent value when measured over the whole span, 
is smaller in amount than the multiple of the cantilever 
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bridge for the same span. The tables we have akeady 
calculated for the two systems of which this type con- 
sists will enable us to ascertain when this condition is 
obtained almost by inspection. 

There is no practical diflBculty in the construction of 
this compound structure calling for special notice^ The 
bridge may be made in one connected length, and merely^ 
jointed at the points of contrary flexure occurring at the 
junctions of the bowstring with the cantilever, expansion 
being provided for at the piers in the usual way, or the 
bowstring may be slung from the ends of the cantilevers, 
and the expansion allowed to take effect at those points 
of the span. In the latter case, precautions must be 
taken to ensure the maintenance of the strength of the 
horizontal bracing past those points, so as to check all 
tendency to lateral movement. 

The deflection will, of course, be the sum of the de- 
flections of the two smaller spans into which the bridge 
may be broken up. This will give a rather smaller 
proportional deflection than that appertaining to either 
system individually. Now let a=the sum of the lengths 
of the two cantilevei'S, and let J=the span of the centre 
portion, or the bowstring gurder; then a+ft=span of 
the "continuous'' girder. Also let n be the multiple 
corresponding to span a, and m the multiple for span by 
given in the tables of multiples for Types 6 and 3 respect- 
ively. Then the load per foot on the cantilever in terms 
of the tueful load as before, reduced to the equivalent 
load per foot distributed over the entire span, will be 

— ^^ r-^. In the same manner the load from the bow- 

a+6 
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string will be — ^ j-^ ; and assuming the weight on the 

end of the bracket as equivalent to double the amount 
distributed, the load from the ^^ triangle" will be 

. , \ The sum of these amounts will be the mean 

equivalent load; and that amount, less the unit usejid 
load, will be the mean equivalent multiple ; therefore, 

Substituting the valves of m and n obtained from 
Tables 3 and 6, we find, by the preceding equation, that 
in higher spans than 550 ft. the " continuous " girder is 
lighter than the cantilever. At 550 ft. span, then, the 
economic span of the centre portion on the bowstring 
girders ; and we know that at 2500 ft. the economic 
span is also the limiting span= 1000 ft. 

Now — ^ =1.95; and it will be sufficiently 

accurate for our purpose if we assume the economic span 
of the centre portion generally to be : 

_ . Span— 550 
Economic span=— ^^ — ^ • 

Substituting this value of b in our former equation, 
we obtain the following results : 



Span. 


Multiple. 


300 


.3 


400 


.46 


500 


.65 


600 


.85 


700 


1.1 


800 


1.33 
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Span. Multiple. 

900 1.61 

1000 1.84 

1100 2.1 

1200 2.49 

1300 . 2.87 

1400 3.37 

1500 3.91 

1600 4.08 

1700 6.35 

1800 6.47 

1900 7.98 

2000 10.42 

2100 14.32 

2200 21.14 

2300 29.12 

2400 50 

2500 00 



Type 8. — Arclied Itiba vntJi Braced Spandrik, 

With very few exceptions, all the earlier examples of 
what would, at the time of their erection, be considered 
long-span bridges are constructed on the principle of the 
arch; indeed, in comparison. with that construction, all 
the types are in their infancy ; and yet, perhaps, with 
reference to no other system does there exist so much in- 
definiteness and difference of opinion as to the real 
direction and amount of the strain at any given point in 
the structure. The explanation of this is simple enough, 
since, before we can attempt to determine the strains on 
an ordinary arch, we must make certain assumptions, the 
probable truth of which may be sufficiently proved in 
our opinion, but not so in the judgment of others. As 
we cannot absolutely demonstrate the truth of our hypo- 
thesis, any one else is, of course, at perfect liberty to 
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make a diflferent one, which may, very probably, give an 
entirely different result. 

If, however, we have given the relative position of three 
points through which the centre of pressure on the arch 
passes, its position is defined at every other point, for 
just the same reasons that the radius of a curve is defined 
when it has to pass through three points. It follows 
that if we arrange the details of an arched rib so os to 
ensure the centre of pressure passing through three 
known points, we shall be enabled to determine all the 
conditions with the same precision, and therefore to pro- 
portion the strength of the several members to the 
maximum strains occurring on each with the same ease 
as we do in the most elementary form of truss. 

We have already adopted a similar method in the 
instance of the continuous girder, by first determining 
the most economical position for the points of contrary 
flexure, and then, by constructional arrangements, secur- 
ing the constant position of those points under all con- 
ditions of loading. By this means we not only obtained a 
great theoretical advantage, but, by reducing the com- 
plicated and, in fact, almost indeterminate problem of 
.the determination of the actual strains occurring on a 
continuous girder to the simple case of the independent 
girder, we were enabled in practice to effect an additional 
saving by proportioning the several members with much 
greater nicety to the maximum strains on each. 

The desideratum in the design of an arched rib is, 
therefore, that the centre of pressure should, under all 
conditions of loading, pass through the same three given 
points. The most obvious way of effecting this is by 
making the arched rib movable on pivots at -the centre 
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and at each springing, thus hinging, as it were, the rib 
at those three points. If the f notional resistance to 
taming on these pivots be small — ^that is, if their dia- 
meters be small — the centre of pressure would always 
pass through their centres, which, for a symmetrical cross 
section of rib and uniform unit strain, should correspond 
with the axis of the rib at those points. 

Again, in this design, expansion and contraction will 
merely produce a rise or fall of the arch at the crown, 
without any incidental strain ; whereas if the rib were 
continuous there would have been additional strain with 
the consequent loss of metal on that score. 

We shall therefore confine our investigations to the 
arched rib jointed at the centre and at each springing. 
This, of course, assumes intermediate piers of sufficient 
stability to take up the unbalanced thrust due to the 
rolling load, if the arch be one of a series in a viaduct. 
If the piers be too lofty to admit of this necessary pro- 
vision, we should adopt an arched rib of an entirely ' 
different pattern, which will be referred to in considering 
Type 10. 

The problem reduced to its present dimensions is a 
very simple one, admitting of a definite solution; and 
on that account, partly, there is no reason why the 
sesthetically perfect form of the arch should not be eco- 
nomically employed in wrought-iron bridges. 

The deflection of an arched rib will be very nearly the 
same as that of a lattice girder of similar depth and 
strain per square inch. 

In considering the strains to which an arched rib is 
liable, it will be necessary to resolve the gross load into 
its two elements — dead and rolling ; for in this instance, 



46 LONG-SPAN BAILWAT BBIDQES, 

as in fleyeral previous ones^ the strain will be to a great 
extent governed by the nature of the load as well as by 
its amount. 

Dead Load. 

With a dead load tinifonnly distributed, it is not ne- 
cessary for the spandril fillings of the arch to possess any 
bracing power, for the same reasons that the diagonals of 
the bowstring girder were dispensed with under similar 
conditions. The mass of the arched rib will be the 
same as in the instance of the same girder : 

that of the verticals will be less, on account of their 
decreased length, the mass being about -^ , Taking the 

coefficients, x and y, for the horizontal and vertical 
components of the strain, as before, the total mass of 
the arch for each square inch sectional area at crown 
will be: 

But the mass, multiplied by .03 cwts. and by -|th span, 
equals the moment : 

^=.03(1?+ A). . ; 

Since economic d^ = -^, we have depth =h-^N|—; 

and since the strain in cwts. per square inch (fy equals 

^, we have f olr the dead load : 
d 



?=.03(.71 SajAjTV 
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BclUng Load. 

With a rolling load it will be necessary to introduce 
bracing between the arched rib and the "horizontal 
girder," of such strength that the moment of resistance 
to a transverse strain at any point of the spandrils may 
be equal to the bending moment at the same point, due 
to the unequal distribution of the loscd. We shall assiune 
the depth of bracing at the centre of the span to be |th 
the rise of the arch, which will give us an effective depth 
of ^rd the rise at the point of maximum bending stress. 
This proportion will limit in all our examples the maxi- 
mum strain on-the arched rib to the same amount as it 
would be were the load entirely dead. The mass, there- 
fore, will be the same as before : 

IdK 
S> 

Now the maximum bending moment will occur when 
the rolling load is half-way over the bridge, at which 
time it will, in terms of the bending moment on the entire 
span, be equal to (J)'. §ince, however, the effective depth 
is only equal ird the rise, of the arch, the mass of metal 
required in the horizontal girder, or top member of the 
braced spandrils, will be equal to (i)'-^i=f aS. 

The mass required for the sum of the horizontal 
components of the strain on all the diagonals will, if 
we provide a doable set of 10 bays of bars, be equal to 

— ?. Again, the mean square of the verticals being — _ 
20 2.6 

about, it follows that the mass required in the vertical 
components of the same double set of diagonals will be 

— TT— . The total mass of metal required in the arch 



=a(S + 
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for each square inch of sectional area at the crown 
will, therefore, taking coefficients x and y, as before, be 
equal to : 

Since the mass multiplied by .03 cwts. and by | span 
equals the moment, we have : 

/i=:.03(.225S2a:H-3d2y). 

But ^=strain in cwts. per square inch (t) ; and eco- 
nomic rf*=-Vs — ; hence d=rTr\| -5 and by substitution 

24y Ao y 

«=.03(l.62Sa:^J?). 

Mixed Loads. 

Assuming, as before, the useful load on a railway 
bridge to be composed of f rolling and J dead load, the 
mean coefficient will be 1.62x|x.71xi=1.4 ; or, 
taking the coefficient for the dead load=:.71 as the unit 
of measurement for the mixed load, it will be about 
double that amount. Hence the strain in cwts. per 
square inch (t) due to the weight of a girder for carrying 
a railway bridge will be : 



t 



= .021 Sa:^^^ 2 - 0. 



Putting a =.021 SarNJ^, when ^ = 1.25, and y=3.5 + 



•002S, we have : 

a = .0268 V2.8+.OOI6S. 



1. 
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And, taking the limiting strain at 80 cwts. per square 
inch as before, we have : 

^_ 160a 
80 H- a' 

which equation gives the following results : 

Strain in cwts. 
Span in feet. per sq. in. Depth. 

300 23.8 

400 31 

500 37.7 

600 43.8 

700 48.6 

800 55 

900 60 

1000 64.9 

1100 69.3 

1200 73.5 

1300 77.4 

1400 81 I 

The value of the multiple fp—b that is, the weight of 
iron in terms of the useful load, will be as follows : 

Span in feet. Multiple. 

300 11:8 = ^42 

400 fi = ,63 
500 iii| = .9 

600 *li = 1.22 

86-S 

700 ^ = 1.55 

800 11* = 2.2 
900 f^ =3 
1000 f|:| = 4.3- 

1100 II^J- = 6.5 

1200 ^i = 11.3 

1300 lil = 30 

1400 = ® 

E 
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Type 9. — Suspension with Stiffening Girder. 

The combined lightness and strength of an ordinary- 
rope stretched between two supports, and the almost 
unlimited distance apart at which those points of support 
might be placed, as compared with that which would 
have been the limit had the intervening space been 
spanned by a solid bar even of iron of the same size as 
the rope, if merely resting on the supports, could hardly 
have failed to attract, at a very early date, the attention 
of thoughtful practical men. When, therefore, the 
occasion arose of throwing a light structure across a 
wide obstruction, the similarity of the conditions to the 
case of the rope with its two distant points of support 
ifiust almost necessarily have suggested a similar mode of 
procedure; and knowing the great superiority of the 
tensional strength of iron over rope, it was only natural 
that the "suspension bridge," in its simplest form, 
should be evolved, and that it should be the earliest 
form of the "long-span bridge," as understood in our 
definition. 

The great instability, however, of this mode of con- 
struction was at first inadequately appreciated. It was 
not until numerous failures had occurred that it began 
to be clearly understood that a moderate force, applied 
at regular intervals, would produce an isochronous move- 
ment of sufficient extent to effect at last the destruction 
of the structure. The first modification suggested by 
these accidents was the insertion of check ties, or even 
inverted suspension chains, to hold down the platform 
and so prevent its oscillation. This, however, was a 
mere empirical remedy, and a more complete and scien- 
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tific investigation of the conditions of a suspension 
bridge was required before a succei^ul result could be 
obtained. As the problem presented no' important difl^ 
culties^ the solution of it was delayed an unreasonable 
length of time. 

A little consideration will show that, to secure the 
stability of a suspension bridge, it is only necessary to 
prevent any considerable change of form in the chains, 
and the consequent tremor and oscillation. This means 
that the forces acting on the chains should maintain 
always the same direction and the same relative propor- 
tions to one another, although it is not essential to the 
conditions of equilibrium that the amount of these strains 
should remain constant. This being so, it follows that if 
the distribution of the load, or other conditions, be such 
that die relative proportions of the forces would not be 
maintained, sufficient transverse strength must be pro- 
vided in the structure to effect the required distribution 
of the forces acting on the chain. It matters little 
where this strength be supplied; in some few instances 
it has been obtained by bracing together two sets of 
chains, one lying under the other, thus assimilating the 
diains to an inverted arched rib ; in fact, a girder sec- 
tion for the suspension has been patented ; ordinarily, 
however, the required transverse strength is obtained in 
the construction of the platform, where it is ^equally 
effici^it, and rather adds to, than detracts from, the ele- 
gance of the structure. 

Although by this arrangement we effectually coun- 
teract the dangerous isochronous movement, still, as 
the economic depth of the stiffening girder is compara- 
tively very small, and as a double wave of deflection 

e2 
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precedes and follows the load as it rolls over the bridge, 
a considerable amount of vibration must necessarily still 
exist, although not dangerous in its effects. This objec- 
tionable peculiarity of the suspension principle is pro- 
bably the reason why that class of bridge is almost uni- 
versally condemned as unfit for railway purposes. 

We believe, however, that the bad proportions of the 
earlier bridges, and the consequent failures, has created 
an unwarranted prejudice against the system. There is 
no theoretical or practical reason why a suspension 
bridge should not be made of any required degree of 
rigidity; but whether this could be done economically 
remains to be seen. Whatever can be effected on the 
principle of the arch may also be obtained in a suspen- 
sion bridge* Thus, if we were to invert our last type, 
the arched rib with braced spandrils, jointed at three 
points, we should obtain a rigid suspension bridge, free 
to expand and contract under changes of temperature. 
Again, provided we supply adequate transverse strength 
to the two halves of the bridge, it is immaterial what 
form our bracing may assume. As, however, we must 
have a horizontal girder at the level of the platform, it 
is more convenient to truss between that member and 
the arched ribs or chains, as the case may be, than to 
insert a special member. 

It is obvious, then, that it is possible to design an im- 
mense variety of forms of rigid suspension bridges; the 
most elementary type being probably a couple of inclined 
straight beams, the outer ends of which are attached to 
the top of the piers, and the near ends jointed together. 
All that class may be referred to our last type, and the 
other systems will be included in our remaining types. 
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At present we shall confine our attention to the ordinary 
suspension bridge with stiffening platform girder* 

Chains and Suspending Bars. 

In order to obtain great stiffness in the suspending 
bars and other portions of the structure, and so fit it for 
its duty of carrying a heavy rolling load with little 
vibration, we shall provide a mass of metal for the con- 
struction of the suspension portion of the bridge, exclu- 
sive of the stiffening girder, equal to the amount we 
have found necessary in an arched bridge carrying an 
entirely dead load. The strain per square inch will 
therefore be the same in both instances: 

/=.021sW-> 
a 

where a?=1.25, and y=3.2-f .0028. 



Lattice Stiffening Girder. 

EUminating the compUcating elements the unequal 
deflections of the chain and girder introduce into the 
question by assuming a certain amount of preliminary 
adjustment to be effected during the erection of the 
bridge, we find the maximum bending moment on the 
stiffening girder takes place when the bridge is two- 
thirds loaded, at which time it will, in terms of that on 
the entire bridge, be equal to \ (f)*=^. Therefore, w 
being the load in cwts. per foot run, and T the strain in 
cwts. per square inch, the required sectional area of 
flange will be : 
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But) since all parts of tbe girder are successively exposed 
to nearly the same amount of strain^ the theoretical mass 
of the web of the stiffening girder will be about li times 
that of a simUar ordinary girder; therefore economic 

depth = — • Hence, since weight run of the girder in 

cwts. (W) equals .03 cwts. x 4 a .2?, we have : 

Putting the rolling load tr=25 cwts. per foot, the gross 
useful load =32 cwts. per foot, and T=80 cwts. per 
square inch, the weight of the stiffening girder, in terms 

Sv 
of the useful load, will be= ^ e;;^^ ; and the total load on 

loUUU 

the chains =1 + 



16000 

We have the strain in cwts. per square inch on the 
chains due to the suspension portion of the bridge equal 

<=.026Sy/2.56+.0016S. 

_ . - ^ Strain in cwts. Depth of Deflection 

Span in feet per square in. Stiffening Girder, of Chains. 

1 JL 

Ts 6 



300 


13.5 


400 


18.6 


500 


24 


•600 


29.4 


700 


35 


800 


40.8 


900 


46.8 


1000 


53 


1100 


59.4 


1200 


60 


1300 


73 


1400 


80 



2T 6^ 
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The total weight of iron in the suspension portion of 
the bridge and in the stiffening girder will be eicpressed 
in terms of the useful load by the equation : 

^^*^p^«=i^+ {fbO+i»)}' 

Taking ys5+ .0035, the results ate as follows : 



Spftu in f Mt 


16000' 


Multiple 


300 


.12 


.36 


400 


.17 


.53 


500 


.22 


.76 


600 


.27 


1.02 


700 


.33 


L4 


800 


.39 


1.9 


900 


.46 


2.6 


1000 


.53 


3.5 


1100 


.61 


5.4 


1200 


.68 


8.7 


1300 


.77 


19.4 


1400 




00 



Type 10. — Suspended Girder. 
A perfect suspension bridge would be a structure com- 

teristic of the former system. In attempting to amve at 
this desideratum, the question naturally suggests itself, 
what is the fundamental difference between the two 
systems, giving them iiiese attributes of rigidity and 
Kghtness respectively ? Now, the girder is rigid because 
the depth of bracing, and consequently the resistance 
ofiered to change of form, is comparatively large ; and 
the suspension bridge is light, because the compression 
member of the gurder is dispensed with ; for although an 
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equiyalent resistance must be supplied elsewhere in the 
land chains and anchorage, yet the mass of metal so em* 
ployed does not add to the load on the bridge, as it 
would have done had it been in the form of a compres- 
sion member. 

Let us imagine an inverted bowstring girder, the top 
compression member being straight, and braced to the 
curved tension member in the usual manner, then it 
must be granted that this girder will present equal 
rigidity with the bowstring type, and that it will also 
require about the same mass of metal in its construction. 
But the problem to be solved is how to reduce the mass 
without impairing the rigidity ; and, from what we have 
already observed, it will be seen that this can only be 
effected by transferring a portion, or the whole, of the 
metal required in the top member to some other point 
where it will be equally efficacious, and will not add to 
the load on the girder. 

Now, the strain on the top member of the girder is 
compression (-f ), and it is obvious that if we can put an 
initial tension (— ) on that member, the resulting strain 
to be provided for will be the difference between those 
strains, and the mass of metal required will be propor- 
tional to that difference. , We shall now show how, by a 
very simple contrivance, we shall be enabled to put any 
required degree of initial tension on the top member of 
our girder.. 

Let one end of the girder be made fast to its pier, and 
let the other end, instead of resting immediately on the 
pier, be suspended by an inclined link from it; then, by 
the resolution of forces, it follows that the initial tension 
on the top member will bear the same ratio to the entire 
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weight of the bridge as the horizontal component of the 
inclination of the link bears to double the vertical compo- 
nent. It follows from this that if the inclination of the 
link be tangential to the curve of equilibrium, due to the 
load, the initial tension will just neutralise the final com- 
pression. As, however, the direction of the tangent to 
the curve of equilibrium varies with the position of the 
rolling load, whilst the inclination of the link necessarily 
remains constant, we shall have to reserve a certain pro- 
portion of the compression member to meet the conse- 
quent strains. We have, nevertheless, by this arrange- 
ment, disposed of the great mass of the compression 
member without impairing the rigidity or the freedom of 
movement under changes of temperature, pertaining to 
the ordinary bowstring girder. 

The " suspended girder," as, for want of a better name, 
we have christened the foregoing type, was, to the best 
of our belief, first introduced by Mr. Fowler, who pro- 
posed constructing his 750 ft. span high-level bridge over 
the Thames on that principle. There can be no doubt 
that, had that structure been carried out, the great depth 
of bracing maintained at the centre of the span — ^the 
point of maximum deflection — ^would have secured for it 
almost perfect immunity from those vibrating impulses 
which, although not appearing in theoretical calculations, 
manifest themselves in a very palpable manner in ordi- 
nary "rigid" suspension bridges.. 

Dead Load. 

With a dead load uniformly distributed, the mass of 
metal required will be similar to that employed in the 
suspension portion of our last type. The strain in cwts. 
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per square inch due to the weight of the structure itself 
will therefore be : 



.=.03(.71SajN)|)- 



Rolling Load. 
The mass required in the suspension portion will be 

the same as that for a dead load = a ( S+ -^ j. That 

of the bracing will be identical with the corresponding 

members of the bowstring girder=a(i^+ 1 )• The 

mass of the compression member necessary to be retained^ 
in order to provide for the strains resulting from the un- 
equal distribution of the rolling load, will be .27aS. 
Taking x and y coefficients as before, the total mass for 
each square inch sectional area of chains will be : 

1.478.+?^^ 

But mass x ^th span x .03 cwts, equals the moment in 
cwts. 

Now economic dr=z — -- — ; therefore a= — -g \- . and 

21y 38 y> 

the strain in cwts. per square inch=-%, will be: 



t=,Os(lASx \|^Y 



X 

Mired Load. 

Assuming, as in previous instances, the mixed load to 
be composed of i rolling and i dead load, the mean co- 
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eflScient vnR be 1.4 xf +.71x^=1.23; or, taking the 

coefficient. 71 as the unit of measurement, that for the 

1.23 
mixed load will be -7=y = 1.73 times that amount. 

Hence the strain in cwts. per square inch due to the 
weight of the structure for carrying a railway will be : 



te.021Sa;Nl^(l.73-'-^). 



X 
X 



Putting a=.021 S^AI^^jwhen a?=1.25 andy=3.2+ 

.002S, we have : 

as=.026S\/2.84-.0016S. 

Taking the limiting strain T= 80 cwts. per square inch, 

we have : 

^_. 138fl 
80+. 73a' 

which equation gives the following results : 

S^niaftet ^^^t^^ Depth. 

300 21 \ 

400 27.5 

500 34 

600 40 

700 46 

800 51.5 

900 57 

1000 62 

1100 67 

1200 71.5 

1300 76 

1400 80 \ 

t 
The multiple ,;p — will have the following values : ■' 
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Span in feet. 




300 


U 


400 
500 


ea-ft 


600 


a 


700 


a 


800 


gi-g 
ss-g 


900 


n 


1000 


a 


1100 


u 


1200 


7 1-5 
8g 


1300 


V 


1400 





Multiple. 
.36 

.52 

.74 
1.00 
1.35 

1.82 
2.48 
3.38 
5.16 

8.40 
19.00 

00 



Tjrpe 11. — S^aigld Link Suspension. 

We have found the mass of our last type gurder to be 
sunilar to that of the bowstrings less a large proportion 
of the compression member; and in the same manner it 
can be shown that our present type will be equal to that 
of the straight-link girder, minus the whole of the com- 
pression member, together with a certain proportion of 
the mass of the verticals affected thereby. AU our re- 
marks, with reference to the deflection and the con- 
ditions of the straight-link ^rder, will, muUitis mutandis j 
apply equally to the straight-link suspension; conse- 
quently, it will be merely necessary here to effect the re- 
quisite modifications in our former calculations. 

Rolling Load. 
The mass of the ties will be the same as before, 
= a(&X'\-—^\ But mass x \ span x .03 cwts. 

= moment in cwts. ; therefore, for 1 square inch, 
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-<'-^> 



Now 't = strain in cwt. per square inch ; and since 
a 

economic (P=-ot— , we have ^=0^^ "" ' ^ 

strain 



5=.03C-76Sir\f-|-Y 



Dead Load. 
The mass of the ties will be the same as for the 
roUing load = a (So? +?^). That of the verticals 

will be the additional amount of a (^^)- ^h® ^^^^ 

mass of the ^der consequently will be : 

/ 17A\ 
a (^Sa?+-2y- y 

But mass x^ span x. 03 cwts.= moment in cwts; hence, 
if a=l square inch, 

Since economic cP=~^, we ^lave d= A ^J f.; and 
the stnun in cwts. per square inch equal to 



«=.08(.98 Sa!\|.). 
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Mixed Load. 

Putting .03.98 S^/^\j^) =a, we have, when ^==LS5, 

and y=3.2 + .002S, a= .037S\/2.56 + .0016S ; and the 
strain in cwts. per square inch due to the weight of the 
straight-Knk suspension bridge for a railway will be 
equal to : 



T-.22a 

Taking the limited strain T=80 cwt., we obtain the fol- 
lowing results : 

Stnun in cwts. 
Span inleet. per square inch. Depth. 



aoo ^ 16 

400^ 22 

500 . 28.6 

600' 35.2 

700"^ 43.8 

800 51.8 

900 61.7 

1000 71.6 

1100 82.5 



1. 

6 



1 

T 



The weight of iron in terms of the useful load will be as 
follows : 

Span in feet. Multiple. 

300 if =5 .25 

400> if = .38 

500 sjtii = .56 

6 1.4 

.600 f^» = .78 ' 

700 ^ = 1.22 

800 ill® = 1.85 

900 SLLi = 3.37 

1000 ^M =. 7.53 

8>& 



1100 



00 
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Having thus ascertained the weight of iron, in terms 
of the "useful" load, required in the construction of 
each of our type girders, the first stage of our inquiry- 
is brought to a termination. It will now be necessary to 
determine the specific amount of the load in each in- 
stance, as upon that depends the weight of the main 
girders, and then to ascertain the weight of iron required 
in each bridge, exclusive of that amount; for it is 
obvious that the respective advantages of the different 
systems can only be fairly tested by a comparison of the 
gross weight of iron requhred in the complete construc- 
tion of the bridge in each instance. We shall not, 
therefore, waste time in giving a summary of the results 
in their present incomplete form, but proceed at once 
^th the necessary steps for obtaining a final result. 

Now the gross ^' useful" load on the main girder will 
be made up of the following elements : 1st, the horizontal 
bracing necessary to ensure the lateral stability of the 
platform, &c. ; 2nd, the girders carrying the platform, 
consisting of cross girders, with longitudinal bearers be- 
tween each pair, and under each rail ; 3rd, the platform 
covering, including the permanent way ; and, 4th, the 
rolling load. The first two elements will obviously affect 
the gross weight of iron in the bridge in a double degree, 
as not only will their own proper weight appear in the 
sum-total, but it will also affect that amount indirectly, 
by throwing the additional load on the main girders due 
to their weight. As the joint weight of the bracing and 
the platform-girders will be governed partly by the span 
and partly by the type of the main girders, it wiU be 
necessary to estimate the amount for each individual 
case. 
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To 'carry a double line of railway, the weight of the 
platform-orders will be about 7 cwts. per foot run of 
the bridge; and this amount will increase in a certain 
ratio with the span, as the width of platform assumed 
in the instance of the 300 ft. span would be wholly in- 
adequate to secure lateral stability at the higher spans. 
Now, the majdmum span, to which we shall have occa- 
sion to refer, will be about 3200 ft.; and in order to 
obtain the required degree of lateral stiffness at that 
span, the effective depth of the horizontal bracing should 
not be less than 100 ft., and, consequently, the span of 
the cross girder must be at least 100 ft., although pos- 
sibly no greater length than 25 ft., at the centre, will be 
occupied by the railway proper. Assuming, then, for 
the 3200 ft. span, cross-girders 100 ft. span and 30 ft. 
apart, with longitudinal girders of that span under each 
rail, the weight of iron in the platform would be as 
follows : 

Total weight of the four girders under rails = 4-| cwt. per 
foot ran of bridge. 

Weight of cross girder=5J cwt. per foot run. 

■ " — = 18|^ cwt. per foot run of bridge.* 

The total weight of the platform-girders will, there- 
fore, be=4|+ 18^=23 cwt. per foot run of the bridge. 

The heaviest class of horizontal bracing required in 
any of our type constructions we shall assume to be 
equal to -Jths the weight of the preceding platform 
girders. The total weight of iron required, in addition 
to that of the main girders, will, therefore, be as 
follows : 
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300 ft. span, If x 7=11 cwts. per foot span. 
3200 „ If X 23=37 „ 

Now, 11 : 37 :: 1^300"': 1^^3200 (nearly); conse- 
quently, the weight of iron in the platform girders and 
the heaviest class of horizontal bracing will be expressed 
by the simple equation : 

Weights in cwts. per foot ran of bridge=f V Span in feet. 

The remainder of the load on a long-span railway 
bridge may be considered as a constant amount for aU 
spans, equal, for the double line, to 40 cwts. per foot 
run of the bridge. It follows, therefore, that the 
" useful " load in cwts. per foot run (L), to be carried 
by any girder, will be expressed generally by the 
equation : 

L=40+W»r 

For the heaviest description of horizontal bracing, we 
have found the value of ^ to be f . Substituting the 
proper values for the various required degrees of lateral 
strength, and classifying our type forms accordingly, we 
obtain the following equations for the " useful '' load : 

Types 1, 2, 3, 4 L=40+ i VS! 

„ 5, 6, 7, 8 L = 40+tV^S: 

„ 9, 10, 11 L=40+ i Vti. 

Now, W being the gross weight of iron in cwts. per 
foot span required in the construction of a bridge, and 
M the multiple arrived at in our previous investigations 
for the particular case under consideration, we have: 

W=ML+L-40. 

F 
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Substituting the given values of M and L in this equa- 
tion, we obtain the results shown in the following tabular 
form: 

Type l.—Box Girders with Plate Webs. 



Span in feet. 


M. 


L— 40. 


W. 


300 




.86 


11.5 


55 


400 




1.5 


13.3 


93 


500 




2.6 


15 


156 


600 




5.6 


16.3 


331 


700 




25 


17.6 


1458 




Type 2.— Lattice Girders. 




300 




.51 


11.5 


38 


400 




.87 


13.3 


60 


500 




1.5 


15 


96 


600 




2.83 


16.3 


179 


700 




8.3 


17.8 


496 


• 


Type 


d.^Bowstrinff Girders, 


1 


300 




.51 


11.5 


37 


400 




.79 


13.3 


56 


500 




1.19 


15 


80 


600 




1.86 


16.3 


120 


700 




3 


17.6 


190 


800 




5.15 


18.8 


322 


900 




15 


20 


920 



Type 4. — Straight Link and Boom. 



300 


.4 


11.5 


32 


400 


.72 


13.5 


52 


500 


1.28 


15 


102 


600 


2.61 


16.3 


164 


700 


9.97 


17.6 


593 
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Type 5. — Cantilever Lattice. 




Span in feet. 


M. 


L-40. 


W. 


300 


.39 


10.1 


29 


400 


.61 


11.7 


43 


500 


.88 


13.1 


59 


600 


1.23 


14.2 


80 


700 


1.7 


15.4 


109 


800 


2.5 


16.4 


157 


900 


3.6 


17.4 


225 


1000 


5.43 


18.4 


334 


1100 


9.25 


19.3 


578 


1200 


21 


20.3 


1469 


Type 6.- 


-Cantilever Lattice^ varying dept 


300 


.3 


10.1 


25 


400 


.46 


11.7 


35 


500 


.65 


13.1 


47 


600 


.88 


14.2 


62 


700 


1.2 


15.4 


82 


800 


1.61 


16.4 


107 


900 


2.17 


17.4 


142 


1000 


2.96 


18.4 


191 


1100 


4.15 


19.3 


265 


1200 


6.1 


20.3 


388 


1300 


11.2 


21.1 


705 


1400 


22 


21.8 


1380 


Type 7.- 


-Continuous Girder^ varying dep 


300 


.3 


10.1 


25 


400 


.46 


11.7 


35 


500 


.65 


13.1 


47 


600 


.85 


14.2 


60 


700 


1.1 


15.4 


76 


800 


1.33 


16.4 


91 


900 


1.61 


17.4 


110 


1000 


1.84 


18.4 


128 


1100 


2.1 


19.3 


144 


1200 


2.48 


20.3 


169 


1300 


2.87 


21.1 


199 



r2 
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Span in feet 


M. 


L— 40. 


w. 


1400 


3.37 


21.8 


230 


1500 


3.91 


22.6 


. 267 


1600 


4.58 


23.3 


312 


1700 


5.35 


24.1 


366 


1800 


6.47 


24.6 


449 


1900 


7.98 


25.3 


546 


2000 


10.42 


26.1 


715 


2100 


14.32 


26.6 


981 


2200 


20 


27.3 


1375 


2300 


29 


28 


2000 



Type 8. — Arched Ribs with Braced Spandrik, 



300 


.42 


10.1 


36 


400 


.63 


11.7 


44 


500 


.9 


13.1 


60 


600 


1.22 


14.2 


80 


700 


1.55 


15.4 


100 


800 


2.2 


16.4 


135 


900 


3 


17.4 


189 


1000 


4.3 


18.4 


268 


1100 


6.5 


19.3 


408 


1200 


11.3 


20.3 


701 


1300 


30 


21.1 


1850 



Type 9. — Suspension and Stiffening Girder. 



300 


.36 


8.6 


26 


400 


.53 


10 


36 


500 


.76 


11.2 


50 


600 


1.02 


12.2 


65 


700 


1.4 


13.2 


87 


800 


1.9 


14.1 


116 


900 


2.6 


15 


158 


1000 


3.5 


15.8 


211 


1100 


5.4 


16.6 


322 


1200 


8.7 


17.3 


515 


1300 


19.4 


18 


1143 
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Type 10. — Suspended Girdle. 



Span in feet. 


M. 


L— 40. 


W. 


300 


.36 


8.6 


26 


400 


.62 


10 


36 


500 


.74 


11.2 


49 


600 


1 


12.2 


64 


700 


1.35 


13.2 


85 


800 


1.82 


14.1 


113 


900 


2.48 


15 


162 


1000 


3.38 


16.8 


204 


1100 


5.16 


16.6 


308 


1200 


8.4 


17.3 


500 


1300 


19 


18 


1120 


Type 11.- 


—Straight 


Link Suspenmn. 


300 


.5 


8.6 


21 


400 


.38 


10 


30 


600 


.56 


11.2 


40 


600 


.78 


12.2 


53 


700 


1.22 


13.2 


78 


800 


1.85 


14.1 


114 


900 


3.37 


15 


200 


1000 


7.63 


16.8 


436 



We have now before us the gross weight of iron per 
foot span required in the construction of bridges of every 
class of design, not absolutely eccentric, as we maintain 
those structures must be which cannot be referred to one 
or the other of our types. 

The weight per foot of the main span will not in itself 
represent the comparative cost of the superstructure even 
— much less, as we have shown at the commencement of 
these papers, that of the entire bridge. With the ex- 
ception of the first four, all our type constructions are 
dependent upon extraneous aid for their stabilityi and 
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the proportional cost of that portion spread over the 
whole span must obviously be included in the proper 
weight of the span itself before a comparison can be 
made with either of the independent girders, where such 
provision is unnecessary. * Thus, given a viaduct of three 
spans, the centre opening being double the others, then 
the average weight per foot of the superstructure, if con- 
structed with independent girders, would obviously be 
the mean weight per foot of the large and small spans ; 
w^hereas, should some other system, such as the cantilever, 
be adoptedj the average weight per foot would be tl^at 
due to the long span throughout. We shall defer for 
the present, however, this branch of our inquiry, and 
proceed at once with the adaptation of our formulae to 
steel structures. 

As we do not purpose making a digression on the sub- 
ject of the comparative strength and other advantages of 
steel, our paper having already exceeded the proposed 
limits, we shall have little more to present than the 
tabular results given by the slightJy modified formulae for 
similar iron structures. 

The general conditions of the several types will be 
little influenced by the substitution of the new material. 
The deflections will be proportionally the same, although, 
of course, the specific amounts will be greater on account 
of the higher value of the limiting strain. The compa- 
rative weights of metal required in the construction of 
steel and iron long-span bridges will vary in a much 
higher ratio than the mere ultimate resistances of the 
two materials. Thus, if the strain due to the weight of 
the girder itself be 50 cwt. per square inch, there will, 
with a limiting strain of 80 cwt. per square inch, remain 
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80 — 50 =i 30 cwt. per square inch available for the 
"ttseful'* load; whereas, had the limiting strain been 
180 cwt., the itemdne would have been 130—50= 80 cwt. 
p«r square inch ; consequently in such ail instance, al- 
though the ultimate resistances of the two inateJEials are 
only as 13 : 8, the practical available strengths would be 
as 8 : 3, or about 1| times the amount which might at 
first sight have been expected. We shall consider a 
strain of 130 cwt. per square inch on steel to represent 
the same factor of safety as a strain of 80 cwt. per square 
inch on iron. This will be well within the limits, and 
we take it purposely, so to avoid all exaggeration of the 
probable advantages accruing to steel as the material for 
long-span bridges* We shall not make any special mo- 
dification in our formulse on account of the slightly in- 
creased specific weight of steel, but include all necessary 
changes in the altered values given to the cx)efficient y. 
It will be unnecessary to give the process in the same 
detail as before ; we shall merely give the final formulaB 
and the combined tables for each type. 

Type 1. — Box Girders with Plate Webs (Steely, 

As the same causes which make this a disadvantage- 
ous form for a long-span iron bridge operate with still 
greater effect when steel is the material employed, we do 
not consider it necessary to investigate the conditions of 
this type in the present instance. 

Type 2, — Lattice Girders (Steel). 

The weights of the platform girders and bracing in 
steel we shall take to be f of their former amounts, but 
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we shall in all instances add five per cent, for contin- 
gencies to tlie value of W as given by the formnlse. 
The notation will remain as before; that is, S=span in 
feet; T= limiting strain =130 cwt. per square inch; 
X and y coefficients depending upon the practical con- 
struction of the girders ; t the strain in hundred-weights 
per square inch resulting from the load of the structure 
itself; M the weight of iron in terms of the ^^ useful" 
load (L) ; and W the gross weight of iron per foot run 
of the entire bridge. 

«=.03 By. When 3^=2.7+.001 S, we have : 
*=.105S+.00003S«. 





T-r 


^T^ 






W=ML + L-40. 




Span in feet. 


u 


M. 


W. 


300 


34.2 


.35 


25 


400 


46.8 


.56 


38 


500 


60 


.8 


52 


600 


74.8 


1.35 


83 


700 


88.2 


2.11 


126 


800 


103.2 


3.85 


225 


900 


118.8 


10.6 


607 


1000 


135 


00 


00 



Type 3. — Bowstnng Girder (Steel). 

IMaT 



/=. 



T+.44a 



When 2^=4.2 + .002S, we have a = .04SV 3.36 + .00168 

M=-J_. L=40+±VS 

W = ML+L-40. 
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Span in feet. 


u 


M. 


W. 


300 


31 


.31 


24 


400 


41.5 


.46 


33 


500 


51.5 


.65 


45 


600 


61.5 


.89 


59 


700 


71 


1.2 


78 


800 


80.5 


1.62 


102 


900 


90 


2.25 


140 


1000 


98 


3 


184 


1100 


103.5 


3.9 


238 


1200 


115.5 


8 


480 


1300 


123 


17.5 


1047 


1400 


131 


00 


00 



Type 4. — Straight Link Girder (Steel). 

,7aT 



t~ 



T-;3a 
When y=4.2+.002 S, we have a=.059 Sv/3.36+.0016S 

M=--L. L=40+i.|S. 
T-e 9N 

W = ML-hL-40. 



300 


25.4 


.24 


21 


400 


35.8 


.38 


29 


500 


46.2 


.55 


40 


600 


58.8 


.83 


55 


700 


71.5 


1.22 


78 


800 


86.5 


1.99 


123 


900 


101.6 


3.58 


214 


1000 


124.6 


23.1 


1304 


1100 


140.7 


00 


00 



Type 5. — Cantilever LaiticCy uniform Depth (Steel). 
«='v/26S+.008 82 + 32000-179. When ^=3.3 + .0018 

8 (T-0 18 M 

W=ML-hL-.40. 
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Span in feet 


t. 


M. 


W. 


300 


22 


.29 


22 


400 


30 


.45 


81 


500 


38 


.62 


42 


600 


46 


.86 


54 


700 


54 


1.13 


70 


800 


63 


1.5 


91 


900 


70 


1.98 


116 


1000 


78 


2.53 


152 


1100 


86 


3.34 


198 


1200 


95 


4.74 


280 


1300 


103 


6.76 


397 


1400 


111 


11.1 


650 


1500 


120 


22 


1288 


1600 


128 


120 


7000 


1700 


137 


00 


00 


) 6. — Cantilever varying Economic 


Depth 


t=i 


\/21S+.006S2 4-3200-: 


179 


M: 


th T 


=40-hI^s1S 






8(T-0 






W=rML4-L^40. 




300 


18 


.23 


19 


400 


24 


.32 


24 


500 


31 


.47 


33 


600 


37 


.61 


41 


700 


44 


.79 


48 


800 


50 


1.0 


64 


900 


58 


1.27 


76 


1000 


64 


1.57 


98 


1100 


71 


1.98 


124 


1200 


79 


2.6 


158 


1800 


85 


3.23 


195 


1400 


91 


4 


242 


1500 


98 


5.35 


315 


1600 


106 


7.84 


481 


1700 


113 


12.0 


720 


1800 


120 


22 


1326 


1900 


128 


120 


7150 


2000 


134 


00 


aa 
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Type 7. — Continuous GirdeTy varying Economic DepHi 

{Steet). 

a-J-o lo 



W=ML+L— 4a 



Span in feet. 


M. 


300 


.23 


400 


.32 


500 


.47 


600 


.61 


700 


.79 


800 


.97 


900 


1.15 


1000 


1.3 


1100 


1.5 


1200 


1.7 


1300 


1.91 


1400 


2.12 


1500 


2.37 


1600 


2.63 


1700 


2.94 


1800 


3.26 


1900 


3.67 


2000 


4.08 


2100 


4.6 


2200 


5.13 


2300 


6.93 


2400 


6.7 


2500 


7.8 


2600 


9 


2700 


11 


2800 


13.2 


2900 


17.5 


3000 


24.9 


3100 


52 


3200 


11.8 


4000 


00 



w. 

19 

24 

33 

41 

48 

63 

75 

84 

96 

109 

■123 

137 

152 

168 

189 

210 

237 

264 

297 

332 

385 

434 

506 

585 

716 

861 

1141 

1625 

2821 

7000 

00 
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Type 8. — ArcJied Ribs with Braced Spandrils (Steel)* 





0O2S, we 


5 have a=.026S\ 




ieny=4.5+< 


^3.6-f0016S 


M= 


t 


L = 40+7^8 






W-ML+L-40. 




Span in feet 


t 


M. 


W. 


300 


27.6 


.27 


21 


400 


36.8 


.39 


28 


500 


44.8 


.52 


36 


600 


53.2 


.69 


46 


700 


58.5 


.87 


57 


800 


68 


1.1 


71 


900 


74.8 


1.35 


84 


1000 


81.5 


1.68 


102 


1100 


87 


2.02 


125 


1200 


94.5 


2.66 


163 


1300 


100 


3.33 


203 


1400 


105 


4.2 


255 


1500 


110 


5.5 


333 


1600 


116 


8.3 


500 


1700 


120 


12.2 


735 


1800 


124 


20.7 


1240 


1900 


128 


64 


3836 


2000 


133 


00 . 


00 



Type 9. — Suspension with Stiffening Girder (Steel). 

e=.026SV3.36 + .0016S. 
When 2^=4.2 -I-.002S. L=40H-|VSr 

y^. When yi=5 + .0038, 



M ^^1 ^ 

^"- 20000 ■*■ 


u 


t\^'^ 2oooo)r 

W=ML+L-40. 


300 




15.3 .23 


400 




20.8 .34 


500 




26.5 .45 


600 




32.4 .6 


700 




38.5 .77 



17 
24 
31 
39 
49 
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W. 

60 

74 

91 

113 

148 

176 

228 

289 

402 

600 

1055 

2910 

00 



Type 10.— Suspended Girder (Steel). 

1.73aT 
t= 



Span in feet 


t. 


M. 


800 


44.8 


.97 


900 


51.3 


'1.22 


1000 


58 


1.52 


1100 


64.9 


1.9 


1200 


72 


2.38 


1300 


79 


2.98 


1400 


87 


3.92 


1500 


93 


5 


1600 


101 


6.98 


1700 


109 


10.51 


1800 


117 


18.34 


1900 


125 


51.5 


2000 


134 


00 



T+.73a 
When 2^=4.2 + .002S, we have a=.026Sv/3.36-f .0016S. 

M=^. L=40+i^s 
W=ML+L-60. 



300 


24.4 


.23 


17 


400 


31.6 


.32 


22 


500 


39.7 


.43 


28 


600 


47.5 


.57 


36 


700 


53.7 


.72 


44 


800 


64.5 


.9 


54 


900 


69 


1.13 


66 


1000 


75.5 


1.4 


81 


1100 


82.5 


1.74 


102 


1200 


88 


2.14 


124 


1300 


95 


2.7 


152 


1400 


101 


3.3 


186 


1500 


105 


4.2 


234 


1600 


110 


5.5 


307 


1700 


117 


9 


500 


1800 


123 


17.5 


961 


1900 


127 


42.3 


2320 


2000 


132 


00 


00 
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Tjrpe 11. — Straight Link Suspension (Steel)* 

• 78aT 



When 3^=4.2+.002 S, we have a=.037 SV3.36 + .0016S 

W=ML-f40-L. 

Span in feet. t, M. W. 

300 17.8 .16 14 

400 24.2 .23 18 

500 31.5 .3 23 

600 39.4 .43 30 

700 48 .58 38 

800 56.5 .77 49 

900 64.6 .96 60 

1000 73 1.28 78 

1100 84.5 1.86 110 

1200 95.5 2.77 160 

1300 109 5.2 368 

1400 118.8 10.6 597 

1500 129.5 359 2000 



1600 



00 



The results of our various investigations are shown 
collectively in a graphical form in diagrams Nos. 1 and 
2, the curved lines of which are obtained by plotting 
the gross weight of metal in cwts. per foot span, given in 
the final tables for each type, to the vertical scale of 
100 cwts.« to the inch. A careful inspection of these 
diagrams will enable us easily to trace the comparative 
merits of the respective systems as far as the super- 
structure of the main span itself is involved, and to 
note the varying influence of the span in each instance. 
A glance will be sufficient to assure us that the several 
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typea do not maintam the same relatiye economic posi- 
tions throughout, since in many instances the lines cross 
one another, showing tHat, at the span corresponding to 
the point of intersection on the diagram, the weight of 
metal required in the construction of a bridge on either 
of the systems in question will be identical 

Briefly summarising the results indicated in the dia- 
gram for iron structures, we find that at the span of 
300 ft.. Type 11 — ^the straight-link suspension bridge'— 
obtains an advantage of some 20 per cent, over any 
other system, and that it maintains a certain advantage 
of diminishing value up to 700 ft. span, when it has to 
resign the lead to Type 7— the continuous girder of 
™^ depA (S«il^p..en,)-which type Slw.. 
a rapidly increasing advantage over all others up to the 
limiting span. These two forms of construction, then, 
within their own proper spheres, appear to be the most 
economical possible, as far as regards the superstructure 
of the main span. Of course it is quite possible that in 
numerous instances anchorage could not be obtained for 
the suspension brid^^e, except at a cost which would 
r^ e^» .» 1.^ ^^ bo, gW.^ ^ 
economical form of construction. 

The system following next in order in the scale of 
economy is Type 6, the cantilever lattice girder of vary- 
ing depth, which maintains its relative position through- 
out, unaffected by the specific length of span. Types 9 
and 10, the suspension, with stiffening girder, and the 
supended girder, succeed the last-named one. Although 
palpably different both in principle and appearance, the 
respective weights are almost identical throughout, being, 
up to 700 ft. span, little different to the preceding type. 
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We now come to Type 5 — ^the cantUever lattice girder 
of unif onn depth — ^following closely on the heels of the 
last two systems up to 600 ft. span, when it is superseded 
by Type 8 — ^the arched rib with braced spandrils. The 
independent girders, as might fairly be expected, occupy 
the lowest place on the list, although at 300 ft. span 
Type 4 — ^the straight-link girder — shows a slight advan- 
tage over the arch. Within the limits of 400 or 500 ft. 
span, the straight link is the most economic form of the 
independent girder ; above that span the bowstring girder 
surpasses it. Types 2 and 1, the lattice and box girders, 
conclude the list. 

We have already insisted that the order of economy 
thus exhibited holds good only with reference to the 
superstructure of the main span, and that it does not 
represent the comparative costs of complete structures 
on the different systems, for which, indeed, no general 
rule could possibly be given. Some of our types require 
loftier and, cceteris paribus^ more expensive piers than 
others ; thus the piers for a suspension bridge will be 
higher than those for an arch, and the land-chains 
required in the former system will be another cause of 
excess. Probably the fairest way of arriving approxi- 
mately at the true relative economy of the different 
systems in ordinary cases will be by ascertaining the gross 
average weight of iron per foot run required in the con- 
struction of viaducts consisting of three spans, of which 
the side spans are one-half the opening of the centre 
one. Under these circumstances, with the exception of 
the independent girders, the average weight per foot run 
will be that due to the long span, whilst in those instances 
the smaller weight per foot of the side spans will reduce 
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the average weight per foot of the entire structure, as may 

be seen by the comparison of the Mowing tables with 

former ones : 

S 
S=span of centre opening ; ^ =span of side openings. 

W= average weight of iron in cwts. per foot run of 
bridge. 

Iron Girder Viaducts. 



s. 


Box. Lattice. 
W. W. 


Bowstring. 
W. 


Straight link 


300 


44 


32 




31 


27 


400 


66 


45 




43 


39 


500 


102 


65 




57 


65 


600 


193 


109 




79 


98 


700 


766 


273 




118 


318 


800 








189 




900 








494 




, 


Steel Girder Viaducts. 




S. 


Lattice. 

w. 


4 


Bowstring. 
W. 


Straight link. 

w. 


800 


21 




21 




18 


400 


29 




26 




23 


500 


37 




34 




30 


600 


54 




42 




38 


700 


79 




54 




52 


800 


132 




68 




76 


900 


326 




90 




125 


1000 






115 




672 


1100 






145 






1200 






270 






1300 






558 







From the preceding tables it is at once apparent that, 
at the shorter spans, the difference of weight between the 
independent girders and those dependent upon some 
extraneous means of support is much less marked than 

G 
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before. Indeed, in some instances the conditions are 
reversed ; thus, at 300 ft. span both the lattice and bow- 
string girders show a certain positive advantage over the 
arch, which the more economical system of the straight 
link retains up to 400 ft. span even. 

The positions of the several types in the scale of eco- 
nomy would, obviously, be again shifted if the side spans 
were taken at a different ratio to the main span than ^; 
but we believe it is unnecessary on that account to extend 
our investigations. 

Of the numerous practical considerations and contin- 
gencies to be duly weighed and carefully estimated, 
before the fitness of a design for a long-span railway 
bridge could be satisfactorily determined, none are more 
important than those affecting the facility of erection. 
In the majority of instances scaffolding would impose a 
most extravagant charge on the finished structure for 
mere temporary works, even if the adoption of it were 
not practically prohibited by the necessity of maintain- 
ing the navigable channel — across which, probably, the 
bridge has to be thrown — free from all obstructions. 

Under such circumstances there are obviously but 
two alternatives : the bridge must either be built at the 
nearest available spot, and lifted or slid bodily into 
place; or the design must be such that the structure 
may be built in situ^ without adventitious support. 

The latter alternative is incapable of application 
to either of our first four types — ^the independent 
girders. The method adopted in the instance of the 
Britannia bridge, where the tubes were built on shore, 
floated, and lifted into place, is an example of the 



LONG-SPAN RAILWAY BRIDGES. 83 

former alternative applied to a box girder ; and Schwed- 
ler^s six-span bridge, each span of which was conveyed 
in a set of six-wheel wagons to the required spot, and 
lifted bodily into place by four hydraulic presses, illus- 
trates the adaptation of the same system to a bowstring 
bridge. 

The more convenient process of constructing the 
bridge in the position it is permanently to hold may, in 
one form or another, be employed for any of our type 
forms, not being one of the first four. It was proposed 
to build Mr. Fowler^s Severn bridge in successive bays 
projecting from each side of the two main piers, carry- 
ing on the process till the two opposing centre halves 
met, and formed a continuous structure. The large 
cantilevers of Sedle/s bridges are all built in a similar 
manner, and the small centre girder is lifted or slid into 
place. 

In an arched bridge, to be erected without scaffolding, 
temporary ties in some form are indispensable. If it is 
to be lifted into place, the feet of the ribs must be tied 
together ; and if it is to be built in position, the arched 
rib must be tied back to the abutments, as proposed in 
the first design for the Britannia bridge. 

Types 9, 10, and 11 might all be dealt with in a 
manner analogous to that by which the Ohio suspension 
bridge was successfully erected. Wire ropes were paid 
out over the stern of a vessel, and laid on the bed of the 
river, as if they were electric cables. At convenient 
times they were smartly hoisted up to the summits of 
the towers, and a slight platform placed on them to 
facilitate the construction of the main cables. 
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If due consideration be given to these and other 
special conditions affecting ea^h individual case^ we 
think^ with the assistance of the tables already given, 
there wiU be Uttle difficulty in ascertaining with a con- 
siderable amount of accuracy the most suitable form of 
construction possible for any ^^ long'span railway bridged 



THE END. 
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